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Abstract

Studies to date that have used fTCD to examine language lateralisation have predominantly used
word or sentence generation tasks. Here we sought to further assess the sensitivity of fTCD to
language lateralisation by using a metalinguistic task which does not involve novel speech
generation: rhyme judgement in response to written words. Line array judgement was included as
a non-linguistic visuospatial task to examine the relative strength of left and right hemisphere
lateralisation within the same individuals when output requirements of the tasks are matched.
These externally paced tasks allowed us to manipulate the number of stimuli presented to
participants and thus assess the influence of pace on the strength of lateralisation.

In Experiment 1, 28 right-handed adults participated in rhyme and line array judgement tasks and
showed reliable left and right lateralisation at the group level for each task, respectively. In
Experiment 2 we increased the pace of the tasks, presenting more stimuli per trial. We measured
laterality indices (LIs) from 18 participants who performed both linguistic and non-linguistic
judgement tasks during the original ‘slow’ presentation rate (5 judgements per trial) and a fast
presentation rate (10 judgements per trial). The increase in pace led to increased strength of
lateralisation in both the rhyme and line conditions.

Our results demonstrate for the first time that fTCD is sensitive to the left lateralised processes
involved in metalinguistic judgements. Our data also suggest that changes in the strength of
language lateralisation, as measured by fTCD, are not driven by articulatory demands alone. The
current results suggest that at least one aspect of task difficulty, the pace of stimulus presentation,
influences the strength of lateralisation during both linguistic and non-linguistic tasks.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1 Introduction

Functional transcranial Doppler sonography (fTCD) uses ultra-sound to measure changes in
the speed of blood flow through the left and right middle cerebral arteries (MCAs) during
the performance of sensory and cognitive tasks (Aaslid et al., 1982). Studies using this
technique have reported a comparable extent of left hemisphere dominance during language
tasks as fMRI (Deppe et al., 2000; Somers et al., 2011) and the gold standard test of
language lateralisation, the Wada procedure (Knake et al., 2003; Knecht et al., 1998).
Concordance between fTCD and fMRI is also reported for right hemisphere dominance
during spatial attention tasks (Jansen et al., 2004). These studies provide good validation of
the use of fTCD to measure hemispheric dominance of cognitive function, despite
differences in the physiological markers measured by different neuroimaging modalities.

fTCD offers a relatively cheap, easy and non-invasive way to assess hemispheric dominance
during cognitive tasks. Recently, it has been used to investigate the development of language
lateralisation in young children and special populations (Chilosi et al., 2014; Groen et al.,
2012). To date, the primary experimental task used has been word generation (e.g. verbal
fluency as in Deppe et al. (2000) and Knecht et al. (1998)) or with children, sentence
generation in the form of picture or video description (Lohmann et al., 2005; Bishop et all.,
2009; Haag et al., 2010; Groen et al., 2012; Chilosi et al., 2014). These studies converge
with findings from other neuroimaging modalities indicating a robust and pervasive leftward
asymmetry in functional responses during expressive language production. In order to
maximise the contribution of fTCD to the field, and to further our understanding of
developmental changes in language lateralisation it would be beneficial to take a
multidimensional approach to language (Bishop, 2013) by examining language lateralisation
across a range of different language skills and not only during generation of novel material.

During free generation tasks such as verbal fluency, participants are required to think of or
articulate as many words as possible, leading to considerable inter- and intra-individual
variability in the amount of subvocally generated or overtly articulated words. We speculate
that this variability contributes to individual differences in the degree of lateralisation that is
measured. Results from our recent study suggest this may be the case (Gutierrez-Sigut et al.,
2015). Strength of lateralisation was positively correlated with the number of words
produced, suggesting a relationship between the signal measured using fTCD and the
premotor requirements of the task.

Our primary question in the current study was whether language lateralisation could be
robustly measured using fTCD during a metalinguistic judgement task, which permits a level
of control of the amount of articulatory planning required. To achieve this we used a written
word rhyme judgement task, which does not require mental generation of novel items, but,
we reasoned, still sufficiently engages articulatory planning processes. During rhyme
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judgement of orthographically dissimilar word pairs, participants must sub-vocally rehearse
items in order to correctly complete the task. The choice of a rhyme judgement task was also
motivated by fMRI studies reporting peaks in activation during rhyme judgement in left
posterior mid and inferior prefrontal gyri (Booth et al., 2002; Kareken et al., 2000; Lurito et
al., 2000; Paulesu et al., 1997; Xu et al., 2001). These are regions perfused by the middle
cerebral artery (MCA), from which measurements are made using fTCD.

A second aim of the study was to examine how ‘linguistic’ and ‘non-linguistic’ tasks affect
the fTCD signal within participants. Previous studies have also examined this, with the aim
of testing the nature of the relationship between hemispheric specialisation across cognitive
domains. It is interesting that these studies used the standard word generation task as the
‘linguistic’ task and either a visual memory (Lust et al., 2011; Whitehouse and Bishop,
2009), spatial orientation (Dorst et al., 2008) or a line bisection task (Floel et al., 2005;
Badzakova-Trajkov et al., 2010; Rosch et al., 2012) as the “non-linguistic’ task. Whilst this
approach has made important contributions to the field, it presupposes that the tasks being
used are equally representative exemplars of a whole cognitive domain i.e. verbal or visuo-
spatial (here we use linguistic and non-linguistic for consistency). An alternative view is that
these linguistic and non-linguistic tasks have very different processing and output demands.
For example, differences in the format of visual stimuli (e.g., videos versus single letters)
may influence blood flow to a greater extent than the domain being tested (linguistic or non-
linguistic).

Here, we examine the variability of hemispheric lateralisation for linguistic and non-
linguistic processing, using paced judgement tasks which were well matched in terms of task
demands: rhyme judgement in response to written word pairs and line similarity judgement
in response to visual line arrays. Again, the choice of non-linguistic task was informed by
the fMRI literature. Kareken et al. (2000) asked participants to make same/different
judgements to line arrays in addition to rhyme judgements to orthographically dissimilar
rhyme pairs. They reported greater left than right hemisphere activation for the rhyme task.
In the line judgement task, they reported strongly right lateralized activation over a large
proportion of the posterior parietal lobe, and a distinct area in the right posterior middle
temporal gyrus, an area supplied by the MCA.

One benefit of using externally paced judgement tasks is that it allows the direct
manipulation of task demands via the number of stimuli presented. The final aim of the
study was to characterise the influence of task demands on language lateralisation. Though
‘task demands’ can refer to a variety of different factors, in the current study we address one
specific element, that of pace, by increasing the number of judgements to be made during
the active period. We predict that increasing the pace of judgements required will lead to
increased strength of lateralisation. During the rhyme judgement task, two factors are
hypothesised to drive this increase £ the greater number of words to subvocally articulate
(placing higher demands on premotor processes) and the increased cognitive effort of
completing the task at a faster pace.

Previous studies that have examined the relationship between the number of words
articulated and strength of LI have typically reported low or non-significant correlations (e.g.
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Knecht et al., 2000). However, in these studies the amount produced has been inferred from
the overt report period following covert generation. In contrast, we have shown that the
amount of material generated and strength of LI do correlate positively when concurrent
measures are taken during an overt word generation task (Gutierrez-Sigut et al., 2015).

Studies that have manipulated cognitive effort have done so via the familiarity of the
stimulus, with no control over the output. For example, Dréager and colleagues conducted
covert word retrieval tasks with fMRI (Dréger et al., 2004) and fTCD (Dréger and Knecht,
2002). Difficulty was manipulated by presenting word stems of high and low frequency and
instructing participants to covertly retrieve legal words using the target stems. There were no
differences in the strength of lateralisation between high and low frequency stimuli, either in
the fMRI or fTCD data. Using a similar approach, Badcock et al. (2011) manipulated task
difficulty using letters of greater or lesser frequency in a covert word generation task. They
reported no differences in lateralisation between difficulty levels. Here task difficulty was
categorised into low, medium, and high productivity letters, based on the average number of
reported words after the active period. As suggested above, however, this method is a
somewhat indirect measure of amount produced during the covert period, and therefore also
of difficulty.

Here we predict that an increase in the rate of presentation will lead to an increase in the
strength of left lateralisation during the rhyme judgement task, due to the combined factors
of a greater number of words to subvocally rehearse and increased task difficulty. By testing
the effect of pace on a non-linguistic task, we go some way to tease apart these factors. A
finding of stronger lateralisation in fast paced conditions for both rhyme and line tasks
implies task difficulty associated with increased pace, rather than articulatory planning
demands being the sole driver of the strength of lateralisation.

In summary, in Experiment 1 we tested whether left and right lateralisation can be
established using fTCD during rhyme and line array judgement tasks which were well
matched in their demands. In Experiment 2 we sought to determine the effect of pace on
lateralisation for linguistic and non-linguistic tasks, by manipulating the number of stimuli
presented during a trial.

2 Experiment 1

2.1 Method

2.1.1 Participants—A total of 38 right-handed participants were recruited for
Experiment 1. All participants were monolingual native speakers of British English. No
participants reported a history of neurological disorders or language related problems.
Participants were all right handed as assessed by an abridged version of the Edinburgh
Handedness Inventory (Oldfield, 1971). To screen for reading difficulties which are
associated with impaired metalinguistic abilities (Wimmer et al., 1994), reading
comprehension was assessed using the Kirklees Reading Assessment (Vernon-Warden
revised; Hedderly, 1993).
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Data from several participants were excluded because of inability to find a signal or poor
signal quality (6 cases), low reading comprehension scores (greater than 2 sd below the
group average; 2 cases), and/or low accuracy on the experimental tasks (scores lower than 2
sd below the group mean ( < 83% on rhyme or < 81% on line; 2 cases). Therefore data from
28 (11 male) participants were included in the study. The average age of participants was
26.2 years (sd 6.4; range: 18.60—-49.56). The average reading score was 34.66 (sd 3.48; range
27-40 max=42), which corresponds to a mean reading level categorised as ‘adult’ on the test
used (range: 16 years to 23 years + ). Of the 28 participants, 21 were students at UCL and 7
were from the local community. These participants did not differ in age ({7.17)=1.6, p=.15)
or reading score (£8.53)=.25, p=.80 (analyses adjusted for unequal variances using Welch—
Satterthwaite adjusted #tests).

2.1.2 Stimuli

2.1.2.1 Rhymejudgement stimuli: Rhyme stimuli were 180 words presented in 90 word
pairs (based on those in MacSweeney et al. (2013)). Half of the word pairs rhymed and half
did not (see Table 1 for examples). All words were monosyllables and had a single coda. To
ensure that the rhyme decision could not be made on the basis of spelling similarity
(orthography) of the items in a pair, the orthographic similarity of word pairs was measured
using the metric of Davis (2010) (http://www.pc.rhul.ac.uk/staff/c.davis/Utilities/
MatchCalc/). This metric takes into account letter position to estimate the overall
orthographic similarity between two words: a value of ‘0’ indicates no overlap and ‘1’
indicates identical letter strings. The mean overlap values were: rhyming word pairs=.34
(sd=.13), non-rhyming word pairs=.33 (sd=.13). There was no significant difference between
word sets ({88)=.65, p=.94, cohen's ¢=.01). On average, the rhyming and non-rhyming sets
were also matched on number of letters, number of phonemes, frequency (Francis and
Kucera, 1982), and, where data were available, from the MRC database (Coltheart, 1981) on
number of orthographic neighbours, familiarity, concreteness and imageability (all ps > .1).

21.2.2 Linejudgement stimuli: Stimuli were 180 line sets presented in 90 pairs, one item
above the other (see Fig. 1). Line sets comprised a series of 3-6 vertical and angled lines.
The number of lines in each array was matched to the number of letters in the rhyming
words. Half of the line array pairs were identical and half were dissimilar by one or two line
orientations. Line sets were created from text characters in the same point size as letters.
Behavioural piloting showed comparable accuracy and reaction times for word and line
stimuli.

2.1.3 Procedure—Participants were seated facing a laptop computer upon which time-
locked stimuli were presented using Psychtoolbox-3 (Brainard, 1997; Kleiner et al., 2007)
for MATLAB 2012b (Mathworks Inc., Sherborn, MA, USA). Triggers were sent from the
presentation computer via parallel port to the Doppler-Box set-up at trial onsets and
recorded on a separate data acquisition computer with the TCD signal, allowing the analysis
of stimuli-related changes in cerebral blood flow.

Participants performed both rhyme and line judgement tasks. The order of the tasks was
counterbalanced across participants. Trials began with a three second ‘clear mind” period,
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during which participants were instructed to focus on the black of the screen. This was
followed by the presentation of five successive stimulus pairs (either words or lines).
Participants had to judge whether word pairs rhymed or line arrays were the same or
different. Each active phase lasted for 17.5 s. After the active phase there was a 10 s ‘relax’
period in which participants were instructed to imagine a visual scene. We have previously
used this duration of relax period to allow normalisation of the blood flow to baseline
(Gutierrez-Sigut et al., 2015). The whole test cycle for each trial was 30.5 s and there were
18 trials for each condition (see Fig. 2). The rhyme and line judgement tasks were performed
in separate blocks, each lasting 9 min, 9 s.

Button press ‘yes’ (rhyme/ matching lines) and ‘no’ (non-rhyme/ non-matching lines)
responses were made with the index fingers of each hand. Participants were instructed to
keep their index fingers in a comfortable position over the keys to minimise movement. The
button indicating match or mismatch was counterbalanced across participants but was kept
consistent for the participant across tasks. The keys ‘Z’ and ‘M’, as found on a typical
QWERTY keyboard, were used to record responses. Accuracy and reaction time data were
recorded for each item. Both ‘yes’ and ‘no’ trials were presented within each epoch.
However, since fTCD is measuring a haemodynamic signal, it has relatively poor temporal
resolution and therefore it is currently not possible to disambiguate blood flow responses to
rhyme versus non-rhyme, or line match versus line mismatch, trials in the fTCD signal.

2.1.4 Data analysis—Data were analysed using a custom toolbox for MATLAB,
dopOSCCI (Badcock et al., 2012). Artefact rejection thresholds were set such that epochs
containing blood flow velocities less than 70% or greater than 130% of the average velocity
for that individual were rejected. As is the current standard for fTCD analysis, the maximum
left—right difference allowed was set to 20% after normalization (where the mean blood flow
velocity for the total sample is adjusted to 100) to further protect from the possibility of
inaccurate signals contributing to averages.

Blood flow velocity changes were analysed on a trial-by-trial basis from -6 to 23.5 s post-
initial stimulus presentation. The sample points measured from each artery were corrected to
a pre-stimulus baseline period from —6 to 0 s, to protect against differences across trials in
the low frequency components of cerebral blood flow. A period of at least 10 s of recording
was made before the start of the first trial to allow a baseline for the first trial. Participants
fixated on the screen for this time.

Strength of differences between blood flow responses in left and right MCASs are most often
quantified using Laterality Indices (LIs). To calculate these, periods of interest (POIs) were
set from 6 to 23.5 s to allow for a lag in the blood flow speed response poststimulus. Within
this window the maximum difference in blood flow between left and right was identified.
Laterality Indices for each individual are given by the mean difference between left and right
over a 2 s interval around this peak. This is the current standard method for analysing fTCD
data (see Badcock et al., 2012; Deppe et al., 2004).
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2.2 Results

2.2.1 Behavioural data—Table 2 shows accuracy and reaction time data for the rhyme
and line judgement tasks. Paired #tests showed no significant difference in accuracy
between the tasks (4{27)=.78, p=.44 cohen's d,=.15); however reaction times during the line
judgement task were significantly longer than during rhyme judgement (¢(27)=4.21, p=<.
001, cohen's @,=.80).

2.2.2 fTCD data

2221 Artefact rejection and reliability: After artefact rejection there were a
comparable number of trials for rhyme and line tasks ({27)=.35, p=.7 cohen's ¢,=.06 rhyme
mean=17.1 (sd 1.1), line mean=17.0 (sd 1.1). All participants had at least 14 acceptable
trials (min=14, max=18). To assess reliability, we conducted split half correlations between
LIs from odd and even trials. The rhyme task showed good split half reliability: (r=.55, p=.
002). The line task was less consistent, showing a moderate correlation approaching
significance (r=.34, p=.06).

2.2.2.2 Group analyses: Group mean and median LIs for the rhyme and line judgement
tasks are shown in Table 3. Rhyme and line tasks showed group level left and right
lateralisation respectively in 1 sample #tests (rhyme: #27)=2.48, p=.02, cohen's d,=.46; line:
K27)=4.44, p=< .001, cohen's d,=.84).

The majority of fTCD studies categorise individuals into ‘left’, ‘right’ and ‘low’ (or
‘bilateral’) laterality based on the extent and direction of their lateralisation index. An
individual's standard error is used to determine whether they are significantly different from
zero, which indicates equal blood flow change in left and right MCAs. The categorisation of
participants in this way is also shown in Table 3.

We tested whether the strength of lateralisation was significantly different for the two tasks
with a £test on the rhyme LIs with reversed sign for the line LIs. This was non-significant
(427)=1.55, p=.13, cohen's d,=.29) implying comparable strength of lateralisation in each
task. However, there was no evidence for a correlation between strength of lateralisation on
the rhyme and line judgement tasks (r=.06, p=.77).

2.3 Summary of Experiment 1

In Experiment 1, 28 right-handed participants showed group level left hemisphere
lateralisation, as measured using fTCD, when performing a metalinguistic task that does not
require overt or covert word generation. Furthermore, right hemisphere lateralisation was
also established for a non-linguistic task, which was matched to the linguistic (rhyme)
condition in task requirements. This suggests that fTCD is indeed sensitive to ‘verbal’ and
‘nonverbal’ processing, above and beyond the cognitive requirements of completing a
match/mismatch decision.

We note that the group mean LI of .84 during the rhyme judgement is lower than those LIs
reported in previous studies of word generation (e.g. 2.7 (Stroobant et al., 2009); 1.69
(Bishop et al., 2009); 2.11 (Somers et al., 2011); 3.19 (Krach et al., 2006); 3.94 (Dorst et al.,
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2008); 2.41 (Badcock et al., 2011). In addition, considering the data categorically, we find a
lower percentage of participants categorised as significantly left lateralised (36%) than
previously reported (e.g. 82% (Bishop et al., 2009b); 85% (Floel et al., 2005)). The
proportion of participants categorised as right lateralised for the line judgement task was
also low (50%) compared to previous studies of right-handed adults: for example, 75%
(whitehouse and Bishop, 2009) and 72% (Dorst et al., 2008). It is possible that the low
lateralisation in Experiment 1 is due to the slow pace of stimulus presentation. Given our
previously reported association between strength of lateralisation and number of words
generated (Gutierrez-Sigut et al., 2015), we reasoned that making more rhyme judgements in
the same period could boost premotor activity and result in higher LIs measured using
fTCD.

To test the hypothesis that an increase in pace would lead to an increase in strength of left
hemisphere dominance, we contrasted performance on slow and fast paced rhyme judgement
tasks in a within subjects design. We predicted that an increase in the rate of presentation
would lead to an increase in the strength of left lateralisation during the rhyme judgement
task. We hypothesised this to be due to both the increased in the amount of material to be
sub-vocally rehearsed and the increase in task difficulty resulting in greater effort. These
factors can be teased apart to some extent by testing the effect of pace on a non-linguistic
task.

3 Experiment 2

3.1 Method

3.1.1 Participants—Eighteen of the participants who performed Experiment 1, also
performed fast paced versions of the judgement tasks. However, to enable the data from
Experiment 1 and Experiment 2 to be contrasted directly, steps were taken to avoid practice
and order effects. All participants who had already taken part in Experiment 1 were invited
back to take part in Experiment 2. Nine participants (6 male) responded and subsequently
performed the fast paced version of the tasks (Experiment 2). The remaining 9 cases were
first recruited to perform Experiment 2 and returned at a later date to perform Experiment 1.

The mean age of these participants was 26.9 years (sd=7.1). Performance of the fast and
slow paced tasks was counterbalanced and each participant (except one) performed the two
levels of pace in separate sessions. All participants were right-handed and the average
reading score (Kirklees Reading Assessment, Vernon-Warden revised; Hedderly, 1993) was
34.5 (sd=4.09), which corresponds to a reading level categorised as ‘adult’.

3.1.2 Stimuli and procedure—Stimuli for the fast paced versions of rhyme and line
judgement tasks were the same as for the slow paced version (see Section 2.1.2) but each
pair was presented twice throughout the session, in a pseudorandomised order. Trials
proceeded in the same way for the slow paced and fast version, with the exception of the
number of items presented in the active period. Ten stimuli, each displayed for 2.1 s, were
presented in each epoch of the fast paced version. This is in contrast to the presentation of
five stimulus pairs for 3.5 s each in Experiment 1 (see Fig. 2). Therefore, the active period
for the fast paced condition was 21 s, compared to 17.5 s in the slow paced version. The
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longer period was necessary to allow all of the stimuli to be presented twice at the fast
presentation rate, but maintaining the same number of trials as in Experiment 1. Faster
stimulus presentation was not possible since piloting established that presenting the line
stimuli for less than 2.1 seconds would have led to a considerably higher error rate.

3.1.3 Data analysis—Artefact rejection thresholds and baseline correction parameters
were the same as for Experiment 1 (see Section 2.1.4). It could be argued that a more
appropriate length of epoch for the fast paced condition is -6 to 27.5 s, to account for the
longer stimulus presentation period. The analyses were rerun with this longer epoch length
and this did not affect the outcomes reported here. It seems therefore likely that the
marginally longer presentation period did not affect the physiological responses to the
stimuli in a way which would bias left-right blood flow responses. As in Experiment 1,
epochs were analysed from -6 s to 23.5 s post-initial stimulus. Periods of interest (POIs)
were set from 6 to 23.5 s. Data were analysed using IBM SPSS 21 using the GLM Repeated
Measures procedure, to control for non-independency of the LIs. We used a 2 x 2 full-
factorial design with pace (fast versus slow) and task (rhyme versus line) as within-subject
factors.

3.2 Results

3.2.1 Behavioural data—Mean accuracy and reaction time data for the four conditions
are plotted in Fig. 3. Data from 2 participants were lost due to technical problems during
recording. Therefore data from 16 participants are reported. A 2 (fast versus slow) x2
(rhyme versus line) ANOVA on the accuracy data showed a main effect of task (A15)=8.76,
p=.01, MSE=3.71), this was due to a higher level of accuracy on the rhyme task than the line
task. There was also a significant main effect of pace (A15)=16.97, p=.001, MSE=9.08)
indicating higher accuracy in the slow compared to fast condition. There was also a
significant interaction between task and pace (A15)=5.13, p=.04, MSE=4.12). The
interaction was due to the fact that the faster pace of presentation led to a greater drop in
performance in the line condition (415)=4.92, p=<.001 cohen's &,=.31), than in the rhyme
condition (#15)=2.06, p=.06, cohen's d,=.13).

The same analysis of the reaction time data showed a main effect of task (A15)=13.79, p=.
002, MSE=.039), indicating longer reaction times to line judgements than rhyme judgements
and the expected main effect of pace (H15)=36.03, p<.001, MSE.03) indicating faster
reaction times to the fast paced than slow paced stimulus presentation. This is expected
given the fast paced stimuli were displayed for a shorter amount of time. The interaction was
not significant (AH15)=.86, p=.38, MSE=.02).

3.2.2 fTCD data

3.22.1 Artefact rejection and reliability: Trial rejection rates due to artefacts were low.
There were no differences in the number of accepted epochs between rhyme and line tasks
in either slow or fast versions of the task (slow: £17)=.26, p=.7, cohen's d,=.06, fast: {17)=.
25, p=.8, cohen's d,=.19. All participants had at least 14 accepted trials (slow min=14,
max=18, fast min=16, max=18). Split half-reliabilities for slow and fast rhyme judgement
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conditions were good (/=.63, p=.005 and r=.67, p=.002). Split half-correlations for slow and
fast line judgement revealed lower consistency (/=.15, p=.55 and r=.24, p=.33).

To test the consistency between fast and slow speeds, we tested the correlation between LI at
each speed, and this was significant for both rhyme (r=.60, p=.008) and line (r=.52, p=.028)
tasks.

3.2.2.2 L ateralisation indices. Group mean and median LIs for the rhyme and line
judgement tasks are shown in Table 4. Whilst rhyme judgement was significantly left
lateralised during the fast paced presentation ({17)=4.4, p < .001, cohen's d,=1.0)
lateralisation was not significant during the slow paced task at the group level ({17)=1.5, p=.
15, cohen's @,=.35). Significant right hemisphere lateralisation was found for both the slow
and the fast paced line conditions (slow {17)=4.1, p=.001 cohen's d,=; fast £(17)=12.5, p<.
001, cohen's ¢,=2.9). Mean blood flow plots are shown in Fig. 4. Fig. 5 shows plots of the
distribution of individual LIs for each of the four conditions.

Correlations revealed no evidence for a relationship between the strength of lateralisation in
the rhyme and line tasks when performed at the slow pace (/=-.10, p=.70) nor at the fast
pace

3.2.2.3 Assessing the effect of pace on strength of lateralisation: As in Experiment 1,
we used the reversed values for line judgement LIs in order to assess the effect of pace on
the strength of lateralisation. Using absolute values would obscure the fact that some
participants showed left lateralised (positive) LIs during line judgement.

A 2 x 2 repeated measures ANOVA revealed a main effect of task (A17)=7.07, p=.017,
MSE=3.11) with line conditions more strongly lateralised than rhyme, and a main effect of
pace (A17)=9.35, p=.007, MSE=1.38) with stronger lateralisation in the faster conditions.
The interaction was not significant (/=.21, p=.66, MSE=1.26.).

3.3 Summary of Experiment 2

In Experiment 2, we tested the effect of pace on blood flow lateralisation during linguistic
and non-linguistic judgements. An increase in the number of judgements to be made in the
active period significantly affected behavioural performance on rhyme and line judgement in
both accuracy and reaction times. Increased pace negatively affected response accuracy on
the line judgement task, to a greater extent than for rhyme judgement. The strength of
lateralisation in both rhyme and line judgement tasks was affected by increased pace, with
stronger left and right lateralisation in fast paced rhyme judgement and line judgement
respectively. This was coupled with the observation that in the fast paced conditions, fewer
participants were in the ‘low’ lateralised category, for both tasks.

4 General discussion

The two experiments reported here were designed to address methodological questions
about the role of task demands, specifically stimulus presentation rate, on hemispheric
lateralisation measured using fTCD. We demonstrated that lateralisation can be robustly
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established using two novel fTCD tasks: a language task that does not require generation of
novel items, and a non-linguistic line array judgement task, which was well matched to the
linguistic task in stimulus format and output requirements. By manipulating the number of
stimuli presented during a trial, we also demonstrated a clear effect of task demands on
lateralisation for both the linguistic and non-linguistic tasks. We will now discuss each of
these findings in turn.

4.1 Linguistic and non-linguistic judgement tasks

Several previously published fTCD studies with adults have used tasks other than free word
and sentence generation to assess the sensitivity of the fTCD technique to measure language
lateralisation. For example, Badcock et al. (2011) asked participants to passively listen to a
short story accompanied by pictures, the final word of which was replaced with a pure tone.
it was expected that participants would implicitly generate the word to complete the
sentence. In a separate task, participants were asked to listen to a definition of an object and
name the object during the active period. Stroobant et al. (2009) asked participants to
generate grammatically correct sentences from jumbled words, to read a fixed number of
words from a text and to make self-paced semantic decisions between three visually
presented words. In these studies, the language tasks led to left hemisphere lateralisation at
the group level. However, in each study the average laterality indices reported were low in
contrast to those recorded during word generation from the same participants. Furthermore,
the proportions of individuals showing robust left lateralisation were low.

In the current study we used rhyme judgement as an alternative to word generation.
Participants made button press responses to indicate whether two written word pairs rhymed.
Rhyme judgement, we reasoned, does not require mental generation of new items, but still
sufficiently engages articulatory planning processes. This task has been reliably shown to be
left lateralised in the majority of right-handed participants as measured by the BOLD
response in a number of fMRI studies (Kareken et al., 2000; Lurito et al., 2000; Pugh et al.,
1996). The data from Experiment 1 showed that fTCD can indeed reliably measure changes
in speed of blood flow speed associated with a nongeneration task and is sufficiently
sensitive to measure the left lateralised cognitive demands of rhyme judgement, despite
differences between BOLD and CBFV/rCBF (Mechelli et al., 2000).

fTCD has also been used to examine lateralisation during non-linguistic tasks such as: visual
memory (Groen et at., 2011), mental rotation (Serrati et al., 2000), figure assembly, cube
comparison and selecting an identical figure from an array (Bulla-Hellwig et al., 1996;
Hartje et al., 1994). Whilst results from these studies have been mixed, and some showed
low or no lateralised responses (Hartje et al., 1994), more recent line bisection and visual
memory tasks have shown replicable and reliable right lateralisation (Rosch et al., 2012;
Whitehouse and Bishop, 2009). In the current study we used line array judgement in an
attempt to closely match the task demands of the rhyme judgement task. This close matching
of the linguistic and non-linguistic tasks allows us to address the relationship between
lateralisation for linguistic and non-linguistic skills within participants. Previous fTCD
studies that have addressed this issue have not matched linguistic and non-linguistic
conditions for task requirements (e.g. Dorst et al., 2008). In the current study participants
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made button press responses to indicate whether two sets of lines were oriented in exactly
the same way or whether two words rhymed. We demonstrated, as predicted, significant left
hemisphere lateralisation during rhyme judgement and right hemisphere lateralisation during
line judgement. We did not observe any significant correlations between the strength of
lateralisation during performance of the linguistic and non-linguistic tasks. This is not
surprising given that we did not recruit left handers (who are more likely to show right
lateralisation for language than right handers) and therefore could not investigate this
relationship at the population level as other studies have done (Badzakova-Trajkov et al.,
2010; Whitehouse and Bishop, 2008; see Cai et al. (2013) for a discussion).

4.2 The effect of pace of stimulus presentation on strength of laterality index

In Experiment 1, using a slow stimulus presentation rate, we found lower LI values than are
typically reported in studies requiring word generation, and fewer participants than expected
showing significantly lateralised blood flow. This pattern of ‘weak’ lateralisation was also
observed during the line judgement task. Previous studies that have used language tasks
other than word or sentence generation have attributed low lateralisation to increased right
hemisphere involvement (Buchinger et al., 2000; Stroobant et al., 2011), arguing for the
recruitment of distributed higher cognitive processes such as theory of mind or inference
during story comprehension. Stroobant et al. (2011) also suggest that less lateralised
responses during listening to stories may be due to reduced motoric demands in contrast to
generation tasks. Similary, Badcock et al. (2011) attributed lower lateralisation in their
receptive task to inconsistent or weaker implicit production when participants are expected
to label a missing word. With regard to non-linguistic tasks, it has been argued that strong
right hemisphere lateralisation is most likely to be found during tasks that combine visual
attention and visuomotor manipulation and tasks that do not include both factors are likely to
show weak effects (Vingerhoets and Stroobant, 1999).

In Experiment 2, we tested the hypothesis that previous linguistic and non-linguistic tasks
that have shown weak lateralisation may simply not have been sufficiently demanding to
drive detectable hemispheric lateralisation. Participants made (blocked) rhyme or line
judgements during fast or slow presentation rates of stimulus pairs. Faster presentation, and
therefore more judgements to be made within the same time window, led to higher LlIs than
during the slow condition. This effect of pace held for both the rhyme and line judgement
tasks since there was a main effect of pace and no interaction with task type. At the
individual level, twice as many participants were categorised as significantly left-lateralised
for the rhyme task and right lateralised for the line task during fast presentation compared to
slow presentation speeds.

It is important to emphasise that the slow and the fast paced conditions had the same stimuli
and the same task requirements. It seems plausible therefore, that previous linguistic (but
‘non-generation”) tasks that have been used in the literature (e.g. reading aloud or sentence
completion) were not taxing enough, or did not stimulate a sufficient degree of articulatory
rehearsal in order to drive detectable left hemisphere lateralisation. For example, reading
high frequency words (Stroobant and Vingerhoets, 2000) requires little phonological
processing demands and articulating a single item (Badcock et al., 2011) requires negligible

Neuropsychologia. Author manuscript; available in PMC 2016 June 27.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Payne et al.

Page 13

articulatory planning or rehearsal. Similarly, non-linguistic paradigms that have not found
significant lateralisation (e.g. cube comparison and figure assembly; Bulla-Hellwig et al.,
1996; Hartje et al., 1994; Serrati et al., 2000) required single responses within trials of
approximately 15 s duration. These tasks may not require sufficient effort to drive detectable
right hemisphere lateralisation. Our results suggest that it is not necessarily the type of task
that determines the extent of lateralisation, but the effort required to complete it.

Although in the current study we found a convincing effect of increased pace, we note that
the proportion of participants categorised as left lateralised during the fast rhyme task (66%),
and the mean LI (1.6) were both relatively low compared to previous ‘gold standard’ word
generation studies. There are a number of possible reasons for this. First, using fMRi it has
been established that word generation leads to activation over a large portion of the left
hemisphere in contrast to rhyme judgement, which shows more focal inferior frontal cortex
activity (Lurito et al., 2000). Since fTCD measures only relative differences in blood flow
speed between the hemispheres, it may be that lateralised activity in more extensive regions
leads to stronger LlIs than in more focal regions. Second, whether a participant is categorised
as significantly lateralised (using a one sample £test) depends on the number of epochs
measured and the consistency of that individual's LIs over all the epochs. Some of our
conditions had lower split-half reliability than has been reported in studies of word
generation (e.g. Gutierrez-Sigut et al., 2015), which may have contributed to fewer
participants being categorised as significantly lateralised. It is possible that consistency
across trials, and hence split-half reliability, may be improved in future studies by extending
the relaxation period or increasing the number of trials.

Despite weaker lateralisation during rhyme judgement in contrast to previous studies of
word generation, we argue that rhyme judgement could be a valuable clinical assessment
tool, since the best surgery outcomes are likely to come from the use of a battery of language
tasks (Gaillard et al., 2004; Ramsey et al., 2001). Moreover, if we wish to better understand
which characteristics drive the fTCD signal, externally paced tasks allow a much greater
degree of experimental control, including control of number of words produced, than word
or sentence generation.

Based on the findings from the non-linguistic task, and the effect of the pace manipulation
on behavioural performance, we speculate that task difficulty is a driving factor in the
increase in lateralised blood flow, in addition to the amount of articulatory rehearsal. If the
effect of pace was related to an increase in premotor activity alone, due to greater
articulatory planning, then we would expect the influence of pace on the strength of LI to be
evident only in rhyme condition. However, faster pace of judgements led to increased LIs in
both the linguistic and non-linguistic conditions. We therefore suggest that task difficulty
does indeed play a role in lateralisation of blood flow, as measured by fTCD in the middle
cerebral arteries, above and beyond articulatory rehearsal.

It is interesting to note that a previous fTCD study which manipulated task difficulty of a
non-linguistic task, reported an influence of task difficulty on behaviour but not on strength
of LI (Rosch et al., 2012). Participants were there required to perform a line bisection task
and task difficulty was manipulated in two ways: stimulus duration and distance of stimulus

Neuropsychologia. Author manuscript; available in PMC 2016 June 27.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Payne et al.

Page 14

from the midline. That these manipulations of ‘task difficulty’ did not influence LI but our
manipulation of pace of stimulus presentation did, is perhaps not surprising. The increased
effort required to solve more complex tasks versus that required for faster paced tasks would
likely be mediated by different processes. Future studies with direct contrasts of such
manipulations are needed to address this issue.

Although the BOLD signal and CBFV may not relate to pace in the same way (Rees et al.,
1997) we can at least speculate about the areas that might drive the greater degree of
hemispheric lateralisation during speeded rhyming from studies using other neuroimaging
modalities. Price et al., (1996) using PET found a main effect of stimulus presentation rate
during overt and covert word reading tasks in visual, motor and language related areas
including left dorsolateral prefrontal cortex. Similarly, Shergill et al. (2002), using fMRI,
reported that increased presentation rate, from 15 words per minute to 60 words per minute
in a covert generation task, increased strength of activation in left inferior frontal gyrus, and
anterior part of the left superior temporal gyrus. These areas lie within the perfusion territory
of the MCA and therefore in-creased involvement of these areas is likely to affect the TCD
signal.

4.3 A comment on categorisation

Our data demonstrate that an increase of stimulus presentation pace resulted in a higher
proportion of participants being categorized as significantly ‘lateralised’: left for the rhyme
task and right for the line task. A small shift in either the mean LI or standard error for an
individual resulted in a change of category — left, right, or low lateralisation. We suggest that
these results highlight the importance of moving away from the categorisation of
participants into left, right and low groups, reserving categorical variables for discrete
groups. This is not a new idea; it has long been suggested that the use of continuous
variables results in greater power (Cohen, 1983; Maxwell and Delaney, 199note3, Naggara
et al., 2011; Royston et al., 2006). Dichotomisation results in a loss of data, and neglects
within-group variability. Using a categorisation approach, some participants may be
confidently placed within a category, while data from other participants may place them on
the threshold between categories. However, the category thresholds are arbitrarily defined or,
more problematically, data-driven. In terms of developmental studies, test-retest reliability
estimates could be misleading if a change in category is reported from a small shift in
lateralisation index. As Naggara et al. (2011) note, “What is necessary or sensible in clinical
and therapeutic settings in not relevant to how research data should best be analysed”.

We hope therefore to move away from the categorical distinctions of left-lateralised/low-
lateralised/right-lateralised for individuals. In the absence of categorical variables it is then
easier to assess repeated measures by accounting for non-independent residuals. Using
general linear model type analyses (e.g. ANOVA or regression), the presence of a high
proportion of low laterality indices will be accounted for. It makes little sense to exclude
participants who show ‘low’ lateralisation due to an arbitrary threshold. If a participant’s LI
is not statically different from zero then this will be reflected in the size of the effect. A large
standard deviation of the group mean LI, along with minimum and maximum values, will
indicate whether it is likely the effect is driven by one or two highly lateralised individuals.
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We suggest instead that examining group level trends and relationships to behaviour would
be a more robust and informative way to analyse fTCD data.

4.4 Summary

We have demonstrated that a metalinguistic judgement task, which does not involve the
overt or covert generation of novel words or sentences, can be used to assess hemispheric
lateralisation of language using fTCD. We also demonstrated that a non-linguistic task, with
similar task demands as rhyme judgement-line array judgement, can also be used to assess
right hemisphere lateralisation.

Importantly, we demonstrated significantly greater hemispheric lateralisation when rhyme
and line judgements are presented at a fast compared to a slow pace. Whilst it is tempting to
attribute the stronger left hemisphere lateralisation during faster rhyme judgements to
increased premotor demands alone, the finding that right hemisphere lateralisation for line
judgements was also stronger for fast compared to slow paced presentation rate, suggests
that general ‘task difficulty’ also plays a role in influencing the strength of laterality index.
Thus we suggest that fTCD is sensitive to increased premotor demands and also to task
difficulty, which may or may not be driven by a spatially distinct area within the territory of
the MCAs. Future studies are needed that explicitly disambiguate the influence of these
factors, for example by using fixed pace linguistic judgements of varying difficulty. In
addition, manipulating the variables of pace and task difficulty separately in a non-linguistic
task such as line judgement may shed light on the conflicting pattern of results between the
current results and previous fTCD studies of task difficulty in spatial tasks (Rosch et al.,
2012).

Our findings advance our understanding of the sensitivity of fTCD as a technique to assess
hemispheric lateralisation of function. This understanding is fundamental if this technique is
to be used to its full potential in providing insights into the development of hemispheric
lateralisation of function in young children (Bishop, 2013).

Appendix A. Supplementary material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The support of the Economic and Social Research Council (ESRC) is gratefully acknowledged. This work was part
of the programme of the ESRC Deafness Cognition and Language Research Centre (DCAL) Grant
RES-620-28-0002. MMacs is supported by a Wellcome Trust Senior Research Fellowship (WT100229AlIA).

References

Aaslid R, Markwalder T-M, Nornes H. Noninvasive transcranial Doppler ultrasound recording of flow
velocity in basal cerebral arteries. J Neurosurg. 1982; 57:769-774. [PubMed: 7143059]

Badcock N, Nye A, Bishop DV. Using functional transcranial Doppler ultra-sonography to assess
language lateralisation: Influence of task and difficulty level. Laterality. 2011; :1-17. January 2012.
DOI: 10.1080/1357650X.2011.615128

Badcock N, Holt G, Holden A, Bishop DVM. dopOSCCI: a functional transcranial Doppler
ultrasonography summary suite for the assessment of cerebral lateralization of cognitive function. J

Neuropsychologia. Author manuscript; available in PMC 2016 June 27.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Payne et al.

Page 16

Neurosci Methods. 2012; 204(2):383-388. DOI: 10.1016/j.jneumeth.2011.11.018 [PubMed:
22120689]

Badzakova-Trajkov G, Haberling 1S, Roberts RP, Corballis MC. Cerebral asymmetries:
complementary and independent processes. PLoS One. 2010; 5(3):e9682.doi: 10.1371/journal.pone.
0009682 [PubMed: 20300635]

Bishop DVM. Cerebral asymmetry and language development: cause, correlate, or consequence?
Science. 2013; 340(6138):1230531-1230531. DOI: 10.1126/science.1230531 [PubMed: 23766329]

Bishop DVM, Watt H, Papadatou-Pastou M. An efficient and reliable method for measuring cerebral
lateralization during speech with functional transcranial Doppler ultrasound. Neuropsychologia.
2009; 47(2):587-590. DOI: 10.1016/j.neuropsychologia.2008.09.013 [PubMed: 18929586]

Booth JR, Burman DD, Meyer JR, Gitelman DR, Parrish TB, Mesulam MM. Functional anatomy of
intra- and cross-modal lexical tasks. Neurolmage. 2002; 16(1):7-22. DOI: 10.1006/nimg.2002.1081
[PubMed: 11969313]

Brainard DH. The psychophysics toolbox. Spat Vis. 1997; 10(4):433-436. [PubMed: 9176952]

Buchinger C, Floel A, Lohmann H, Deppe M, Henningsen H, Knecht S. Lateralization of expressive
and receptive language functions in healthy volunteers. Neurolmage. 2000; 11(Suppl. 5):S317.doi:
10.1016/S1053-8119(00)91249-7

Bulla-Hellwig M, Vollmer J, Gotzen A, Skreczek W, Hartje W. Hemispheric asymmetry of arterial
blood flow velocity changes during verbal and visuospatial tasks. Neuropsychologia. 1996; 34(10):
987-991. http://www.ncbi.nIm.nih.gov/pubmed/8843065. [PubMed: 8843065]

Cai Q, Van der Haegen L, Brysbaert M. Complementary hemispheric specialization for language
production and visuospatial attention. Proc Natl Acad Sci USA. 2013; 110(4):E322-E330. DOI:
10.1073/pnas.1212956110 [PubMed: 23297206]

Chilosi AM, Comparini A, Cristofani P, Turi M, Berrettini S, Forli F, Orlandi G, Chiti A, Giannini N,
Cipriani P, Cioni G. Cerebral lateralization for language in deaf children with cochlear
implantation. Brain Lang. 2014; 129C:1-6. DOI: 10.1016/j.bandl.2013.12.002 [PubMed:
24463309]

Cohen J. The cost of dichomotization. Appl Pschol Meas. 1983; 7(3):249-253.

Coltheart M. The MRC psycholinguistic database. Q J Exp Psychol. 1981; 33(4):497-505.

Davis CJ. The spatial coding model of visual word identification. Psychol Rev. 2010; 117(3):713.
[PubMed: 20658851]

Deppe M, Knecht S, Papke K, Lohmann H, Fleischer H, Heindel W, Henningsen H. Assessment of
hemispheric language lateralization: a comparison between fMRI and fTCD. J Cereb Blood Flow
Metab. 2000; 20(2):263-268. DOI: 10.1097/00004647-200002000-00006 [PubMed: 10698062]

Deppe M, Ringelstein EB, Knecht S. The investigation of functional brain lateralization by transcranial
Doppler sonography. Neurolmage. 2004; 21(3):1124-1146. DOI: 10.1016/j.neuroimage.
2003.10.016 [PubMed: 15006680]

Dorst J, Haag A, Knake S, Oertel WH, Hamer HM, Rosenow F. Functional transcranial Doppler
sonography and a spatial orientation paradigm identify the non-dominant hemisphere. Brain Cogn.
2008; 68(1):53-58. DOI: 10.1016/j.bandc.2008.02.123 [PubMed: 18621455]

Dréger B, Jansen A, Bruchmann S, Forster AF, Pleger B, Zwitserlood P, Knecht S. How does the brain
accommodate to increased task difficulty in word finding? A functional MRI study. Neurolmage.
2004; 23(3):1152-1160. DOI: 10.1016/j.neuroimage.2004.07.005 [PubMed: 15528114]

Drager B, Knecht S. When finding words becomes difficult: is there activation of the subdominant
hemisphere? Neurolmage. 2002; 16(3):794-800. DOI: 10.1006/nimg.2002.1095 [PubMed:
12169263]

Floel A, Buyx A, Breitenstein C, Lohmann H, Knecht S. Hemispheric lateralization of spatial attention
in right- and left-hemispheric language dominance. Behav Brain Res. 2005; 158(2):269-275. DOI:
10.1016/j.bbr.2004.09.016 [PubMed: 15698893]

Francis, W.; Kucera, H. Frequency analysis of English usage: Lexicon and grammar. Houghton
Mifflin: Boston; 1982.

Gaillard WD, Balsamo L, Xu B, McKinney C, Papero PH, Weinstein S, Theodore WH. fMRI language
task panel improves determination of language dominance. Neurology. 2004; 63:1403-1408. DOI:
10.1212/01.WNL.0000141852.65175.A7 [PubMed: 15505156]

Neuropsychologia. Author manuscript; available in PMC 2016 June 27.


http://www.ncbi.nlm.nih.gov/pubmed/8843065

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Payne et al.

Page 17

Groen M, Whitehouse AJO, Badcock N, Bishop DVM. Where were those rabbits? A new paradigm to
determine cerebral lateralisation of visuospatial memory function in children. Neuropsychologia.
2011; 49(12):3265-3271. DOI: 10.1016/j.neuropsychologia.2011.07.031 [PubMed: 21843539]

Groen M, Whitehouse AJO, Badcock Na, Bishop DVM. Does cerebral lateralization develop? A study
using functional transcranial Doppler ultrasound assessing lateralization for language production
and visuospatial memory. Brain Behav. 2012; 2(3):256-269. DOI: 10.1002/brb3.56 [PubMed:
22741100]

Gutierrez-Sigut E, Payne H, MacSweeney M. Investigating language lateralization during phonological
and semantic fluency tasks using functional transcranial Doppler sonography. Laterality. 2015;
20(1):49-68. DOI: 10.1080/1357650X.2014.914950 [PubMed: 24875468]

Haag A, Moeller N, Knake S, Hermsen A, Oertel WH, Rosenow F, Hamer HM. Language
lateralization in children using functional transcranial Doppler sonography. Dev Med Child
Neurol. 2010; 52(4):331-336. DOI: 10.1111/j.1469-8749.2009.03362.x [PubMed: 19732120]

Hartje W, Ringelstein EB, Kistinger B, Fabianek D, Willmes K. Transcranial Doppler ultrasonic
assessment of middle cerebral artery blood flow velocity changes during verbal and visuospatial
cognitive tasks. Neuropsychologia. 1994; 32(12):1443-1452. http://www.ncbi.nlm.nih.gov/
pubmed/7885574. [PubMed: 7885574]

Hedderly R. Vernon-Warden reading test. Re-standardized 1993 and 1994. Dyslexia Rev. 1996; (7):11-
16.

Jansen A, Floel A, Deppe M, van Randenborgh J, Drager B, Kanowski M, Knecht S. Determining the
hemispheric dominance of spatial attention: a comparison between fTCD and fMRI. Human Brain
Mapping. 2004; 23(3):168-180. DOI: 10.1002/hbm.20055 [PubMed: 15449360]

Kareken D, Lowe M, Chen SH, Lurito J, Mathews V. Word rhyming as a probe of hemispheric
language dominance with functional magnetic resonance imaging. Neuropsychiatry Neuropsychol
Behav Neurol. 2000; 13(4):264-270. [PubMed: 11186162]

Kleiner M, Brainard D, Pelli D, Ingling A, Murray R, Broussard C. What’s new in Psychtoolbox-3.
Perception. 2007; 36(14):1.

Knake S, Haag A, Hamer HM, Dittmer C, Bien S, Oertel WH, Rosenow F. Language lateralization in
patients with temporal lobe epilepsy: a comparison of functional transcranial Doppler sonography
and the Wada test. Neurolmage. 2003; 19(3):1228-1232. DOI: 10.1016/S1053-8119(03)00174-5
[PubMed: 12880847]

Knecht S, Deppe M, Ebner A, Henningsen H, Huber T, Jokeit H, Ringelstein E-B. Noninvasive
determination of language lateralization by functional transcranial doppler sonography: a
comparison with the Wada test. Stroke. 1998; 29(1):82-86. DOI: 10.1161/01.STR.29.1.82
[PubMed: 9445333]

Knecht S, Deppe M, Dréger B, Bobe L, Lohmann H, Ringelstein EB, Henningsen H. Language
lateralization in healthy right-handers. Brain. 2000; 123(1):74-81. [PubMed: 10611122]

Krach S, Chen LM, Hartje W. Comparison between visual half-field performance and cerebral blood
flow changes as indicators of language dominance. Laterality. 2006; 11(2):122-140. DOI:
10.1080/13576500500384975 [PubMed: 16513573]

Lohmann H, Dréger B, Milller-Ehrenberg S, Deppe M, Knecht S. Language lateralization in young
children assessed by functional transcranial Doppler sonography. Neurolmage. 2005; 24(3):780—
790. DOI: 10.1016/j.neuroimage.2004.08.053 [PubMed: 15652313]

Lurito JT, Kareken Da, Lowe MJ, Chen SH, Mathews VVP. Comparison of rhyming and word
generation with FMRI. Hum Brain Mapp. 2000; 10(3):99-106. [PubMed: 10912589]

Lust JM, Geuze RH, Groothuis aGG, Bouma a. Functional cerebral lateralization and dual-task
efficiency-testing the function of human brain lateralization using fTCD. Behav Brain Res. 2011;
217(2):293-301. DOI: 10.1016/j.bbr.2010.10.029 [PubMed: 21056593]

MacSweeney M, Goswami U, Neville H. The neurobiology of rhyme judgement by deaf and hearing
adults: an ERP study. J Cogn Neurosci. 2013; 25(7):1037-1048. DOI: 10.1162/jocn [PubMed:
23448521]

Maxwell S, Delaney H. Bivariate median splits and spurious statistical significance. Psychol Bull.
1993; 113(1):181-190.

Neuropsychologia. Author manuscript; available in PMC 2016 June 27.


http://www.ncbi.nlm.nih.gov/pubmed/7885574
http://www.ncbi.nlm.nih.gov/pubmed/7885574

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Payne et al.

Page 18

Mechelli A, Friston KJ, Price CJ. The effects of presentation rate during word and pseudoword
reading: a comparison of PET and fMRI. J Cogn Neurosci. 2000; 12(2):145-156. DOI:
10.1162/089892900564000 [PubMed: 11506654]

Naggara O, Raymond J, Guilbert F, Roy D, Weill a, Altman DG. Analysis by categorizing or
dichotomizing continuous variables is inadvisable: an example from the natural history of
unruptured aneurysms. Am J Neuroradiol. 2011; 32(3):437-440. DOI: 10.3174/ajnr.A2425
[PubMed: 21330400]

Oldfield RC. The assessment and analysis of handedness: the Edinburgh Inventory. Neuropsychologia.
1971; 9:97-113. [PubMed: 5146491]

Paulesu E, Goldacre B, Scifo P, Cappa SF, Gilardi MC, Castiglioni I, Fazio F. Functional heterogeneity
of left inferior frontal cortex as revealed by fMRI. Neuroreport. 1997; 8(8):2011-2017. [PubMed:
9223094]

Price CJ, Moore CJ, Frackowiak RSJ. The effect of varying stimulus rate and duration on brain activity
during reading. Neuroimage. 1996; 3(1):40-52. [PubMed: 9345474]

Pugh KR, Shaywitz Ba, Shaywitz SE, Constable RT, Skudlarski P, Fulbright RK, Gore JC. Cerebral
organization of component processes in reading. Brain. 1996; 119(4):1221-1238. [PubMed:
8813285]

Ramsey NF, Sommer IE, Rutten GJ, Kahn RS. Combined analysis of language tasks in fMRI improves
assessment of hemispheric dominance for language functions in individual subjects. Neurolmage.
2001; 13(4):719-733. DOI: 10.1006/nimg.2000.0722 [PubMed: 11305899]

Rees G, Howseman A, Josephs O, Frith CD, Friston KJ, Frackowiak RS, Turner R. Characterizing the
relationship between BOLD contrast and regional cerebral blood flow measurements by varying
the stimulus presentation rate. Neurolmage. 1997; 6(4):270-278. DOI: 10.1006/nimg.1997.0300
[PubMed: 9417970]

Rosch RE, Bishop DVM, Badcock N. Lateralised visual attention is unrelated to language
lateralisation, and not influenced by task difficulty — a functional transcranial Doppler study.
Neuropsychologia. 2012; 50(5):810-815. DOI: 10.1016/j.neuropsychologia.2012.01.015
[PubMed: 22285903]

Royston P, Altman DG, Sauerbrei W. Dichotomizing continuous predictors in multiple regression: a
bad idea. Stat Med. 2006; 25(1):127-141. DOI: 10.1002/sim.2331 [PubMed: 16217841]

Serrati C, Finocchi C, Calautti C. Absence of hemispheric dominance for mental rotation ability: a
transcranial Doppler study. Cortex. 2000; 1(1):415-425. [PubMed: 10921668]

Shergill SS, Brammer MJ, Fukuda R, Bullmore E, Amaro E, Murray RM, McGuire PK. Modulation of
activity in temporal cortex during generation of inner speech. Hum Brain Mapp. 2002; 16(4):219—
227. DOI: 10.1002/hbm.10046 [PubMed: 12112764]

Somers M, Neggers SF, Diederen KM, Boks MP, Kahn RS, Sommer IE. The measurement of language
lateralization with functional transcranial Doppler and functional MRI: a critical evaluation. Front
Hum Neurosci. 2011; 5(31):1-12. DOI: 10.3389/fnhum.2011.00031 [PubMed: 21283556]

Stroobant N, Buijs D, Vingerhoets G. Variation in brain lateralization during various language tasks: a
functional transcranial Doppler study. Behav Brain Res. 2009; 199(2):190-196. DOI: 10.1016/
j.bbr.2008.11.040 [PubMed: 19100782]

Stroobant N, Van Boxstael J, Vingerhoets G. Language lateralization in children: a functional
transcranial Doppler reliability study. J Neurolinguist. 2011; 24(1):14-24. DOI: 10.1016/
j.jneuroling.2010.07.003

Stroobant N, Vingerhoets G. Transcranial Doppler ultrasonography monitoring of cerebral
hemodynamics during performance of cognitive tasks: a review. Neuropsychol Rev. 2000; 10(4):
213-231. [PubMed: 11132101]

Vingerhoets G, Stroobant N. Lateralization of cerebral blood flow velocity changes during cognitive
tasks : a simultaneous bilateral transcranial Doppler study. Stroke. 1999; 30(10):2152-2158. DOI:
10.1161/01.STR.30.10.2152 [PubMed: 10512921]

Whitehouse AJO, Bishop DVM. Cerebral dominance for language function in adults with specific
language impairment or autism. Brain. 2008; 131(Pt 12):3193-3200. DOI: 10.1093/brain/awn266
[PubMed: 18953053]

Neuropsychologia. Author manuscript; available in PMC 2016 June 27.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Payne et al. Page 19

Whitehouse A, Bishop DVM. Hemispheric division of function is the result of independent
probabilistic biases. Neuropsychologia. 2009; (47):1938-1943. [PubMed: 19428426]

Wimmer H, Landerl K, Schneider W. The role of rhyme awareness in learning to read a regular
orthography. Br J Dev Psychol. 1994; 12(4):469-484.

Xu B, Grafman J, Gaillard WD, Ishii K, Vega-Bermudez F, Pietrini P, Reeves-Tyer P, DiCamillo P,
Theodore W. Conjoint and extended neural networks for the computation of speech codes: the
neural basis of selective impairment in reading words and pseudowords. Cereb Cortex. 2001;
11(3):267-277. [PubMed: 11230098]

Neuropsychologia. Author manuscript; available in PMC 2016 June 27.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Payne et al. Page 20

A

\//
.

BOMB
FOAM

[1]]
[1]]

CONE
SEWN

Fig. 1.
Examples of the presentation format for (A) rhyming and non-rhyming word pairs, (B)
matching and non-matching line sets.
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Fig. 2.
Schematic of the timing of events for rhyme and line judgement tasks in Experiment 1.
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Mean accuracy and reaction time summaries for rhyme and line judgement at each level of
presentation speed in Experiment 2.
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Average of participants' baseline-corrected cerebral blood flow velocity for the left (blue)
and right (red) channels for rhyme judgement (Panel A) and line judgement (Panel B). The
uppermost plot (i) depicts blood flow velocity change during the original slower paced
presentation. The figure beneath (ii) depicts the faster paced presentation. The grey section
indicates the period of interest within which the lateralisation indices (LIs) were calculated
from the individuals’ maximum left-right difference. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5.

Distribution of individuals' lateralisation indices measured during slow (left) and fast (right)
presentation speeds. Positive indices denote greater left than right cerebral blood flow
change. Negative values denote greater right than left cerebral blood flow change.
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Table 1

Example word pairs for the rhyming condition.

Rhyming Non-rhyming
Cone-sewn  Part-boot
Float-quote  Bomb-foam
Pie—sky Pot—fly
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Table 2

Accuracy and reaction time summaries for rhyme and line judgement tasks in Experiment 1.

Task Accuracy (%) Mean (sd) Reaction time (s) Mean (sd)

Rhyme 962 (2.9) 1.26 (.24)
Line  96.7 (2.4) 1.45 (.26)
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Table 3

The left side of the table shows descriptive statistics of Lateralisation Indices for both conditions in
Experiment 1. The right side of the table indicates the percentage of individuals who were categorised as left,
right, or low lateralised.

Task Mean (sd) Median (interquartilerange) #Left (%) #Right (%) #Low (%)

Rhyme .84 (1.80) 1.3(-1.2-18) 36 14 50
Line  -1.64(1.96) -2.1(-2.9--1.0) 7 50 43
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