Cerebral laterality as assessed by functional transcranial Doppler ultrasound in left-and right-handers: A comparison between handwriting and writing using a smartphone.
 
Abstract
Neuroscientific studies of traditional handwriting have revealed a left cerebral lateralization pattern for written language production, with distinct patterns between left- and right-handers. However, no study to date has investigated the cerebral lateralization of writing using a smartphone. Studying writing using a smartphone is important as more than 6 and a half billion mobile phone subscriptions were in place in 2022. In this pre-registration we present a forthcoming study which aims to compare the cerebral lateralization of handwriting and writing using a smartphone, and examine the effects of handedness. We will use functional trans-cranial Doppler ultrasound (fTCD), which allows for reliable measurements of cerebral laterality during written language. Our initial sample will be n = 40 participants (20 left-handers and 20 right-handers), with a maximum of n = 80 (40 per group) following the Sequential Bayesian Factor (SBF) with Maximal n design. We hypothesize that there will be no difference in the cerebral lateralization between handwriting and writing using a smartphone after controlling for motor activity. We also hypothesize that left-handers will exhibit a weaker left-hemispheric lateralization when compared to right-handers for the linguistic part of writing using a smartphone. Findings will highlight the neural mechanisms underlying language production using novel technologies.
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[bookmark: _n9uob91pco7a]INTRODUCTION
The majority of humans exhibit left cerebral lateralization during oral language production (Kherdr et al., 2002; Loring et al., 1990; Petit et al., 2020). This left cerebral lateralization pattern also manifests in written language production (Kondyli, et al., 2017; Menon & Desmond, 2001; Papadatou-Pastou et al., 2022; Planton et al., 2013). However, these findings on written language production predominantly derive from studies that employ handwriting tasks. Given the rising popularity of electronic devices, such as smartphones, for written communication, this approach may now be considered somewhat dated. To illustrate, over six and a half billion mobile phone subscriptions were in place in 2022 (Statista, 2023). In other words, despite the significant shift towards digital means of written language production, current neuroscientific literature doesn't reflect this change, with no study yet investigating cerebral laterality of language during writing using a smartphone.
The cerebral lateralization of written language has primarily been investigated using fMRI. FMRI lends itself to the study of the neural substrates of oral language, but it poses an important limitation for the study of written language, namely the supine position required, which results in an unnatural way of writing (i.e., lying down and remaining still). Karimpoor et al. (2018) introduced an fMRI-compatible tablet that participants used to copy sentences, phone numbers, and grocery lists while lying in the fMRI machine and receiving visual feedback of their writing. This research was conducted as a proof-of-concept to test methods of assessing neurological impairments related to writing (such as those exhibited in Alzheimer’s disease), but the ecological validity of the method was not assessed. Subsequently, Baumann et al. (2022) assessed the ecological validity of writing in a tablet during fMRI experiments and reported a correlation between the handwriting movements during regular handwriting outside fMRI and the writing movements on the tablet inside fMRI. However, in this study, participants did not receive visual feedback while writing using the tablet, as they had to view task instructions instead (Baumann et al., 2022). These limitations, along with the high cost of operating the magnet, makes fMRI a non-optimal method of conducting writing experiments. Another technique, fTCD, is a reliable alternative to fMRI for studying cerebral lateralization (Bishop et al., 2009), including cerebral lateralization of written language (e.g., Kondyli et al., 2017). FTCD operates at a fraction of the cost and facilitates seated writing. In fTCD, ultrasound probes are positioned over the temporal windows (i.e., a thin region in the temporal bone) of the participants on either side of the head to measure the blood flow velocity of the middle cerebral arteries (MCAs). Targeting the MCAs is appropriate as they supply blood to 50-70% of the cortex, including the areas subserving writing (Hirohiko et al., 1981; Kim et al., 2019). The difference in blood flow velocity between the left and the right MCA indicates which hemisphere is more activated during a cognitive task.
Written language was indeed recently investigated in two fTCD studies (Kondyli et al., 2017; Papadatou-Pastou et al., 2022). In Kondyli et al. (2017), 60 participants (31 left-handers) performed a written and a silent word generation task (WGT). In the WGT, participants were asked to produce words beginning with a cued letter. Comparing the cerebral lateralization index (LI) for written and silent WGT revealed that left-handers showed a greater difference between these two tasks than right-handers. One explanation is the existence of a more dispersed writing-specific language network in left-handers compared to right-handers. A limitation to that interpretation was the lack of a hand-motion control task. Papadatou-Pastou et al. (2022) addressed this limitation by introducing a symbol-copying task (repeatedly copying a cued symbol) which activated the motor but not the linguistic component of writing. The LI during that symbol-copying task was compared to the LI during a written WGT in 23 left- and 31 right-handers. The activation in the left hemisphere was significantly stronger during the WGT compared to the symbol-copying in right-handers but not in left-handers. These findings could be explained again by the language production network being more dispersed in left-handers, or by the greater variability in cerebral laterality patterns among left-handers compared to right-handers. Attentional demands (right-hemisphere activation; Shaw et al., 2009) of the novel symbol copying task offer another interpretation. Despite their limitations, these studies concluded that cerebral lateralization for written language shows a left-hemispheric dominance pattern similarly to oral language and that left-handers show a weaker and more dispersed lateralization pattern for written language compared to right-handers. It is important to stress that these findings were derived from studying handwriting. 
Overall, no study to date has addressed the cerebral lateralization for written language using more modern, digital means of writing, such as typing on a smartphone screen. Writing using a smartphone (i.e., texting using the touch-screen smartphone keyboard) has similarities to handwriting, but it is a distinct skill. Handwriting is a complex process that involves (i) fine motor skills for letter formation and appropriate placement on the paper (e.g., Mangen & Velay, 2010), (ii) the integration of visual and sensory feedback (e.g., Mangen & Velay, 2010), and (iii) access to long-term memory where letter shapes are stored. In contrast, typing on a smartphone keyboard involves pressing the keys on the touch screen, which does require access to long-term memory for key configuration, but in this case letter formation is done automatically. It is worth noting that there are also distinct advantages of smartphone writing compared to traditional handwriting. For example, a positive application of smartphone keyboard technology came from Japan with the development of a 10-key layout, which allows users to type combinations of elements presented on the screen to write Japanese faster than handwriting the intricate Kanji characters on paper. Given the widespread adoption of smartphones for texting, the distinct characteristics of writing with the smartphone, and the possible advantages that smartphone writing has over handwriting, investigating writing using a smartphone seems worthwhile. Expanding our knowledge on language lateralization to address writing using a smartphone can provide insights into how the neurobiological basis of language functions compares between traditional means of writing and modern, digital means. As the literature on the overall neurobiological basis of writing using smartphones is very limited, studying the cerebral lateralization of written language production using smartphones indeed seems to be a good starting point. In addition, should the lateralization of handwritten language and writing using smartphones be found to be comparable, then the laterality of writing could be studied using smartphones, which allow for off-site data collection. 
Consequently, handedness differences have not been previously studied in this specific context. Investigating handedness differences in the cerebral laterality of writing using a smartphone is important, as left-handers and right-handers are consistently found to differ in the cerebral organisation of other language functions, such as oral language production and comprehension (e.g., Knecht et al., 2000; Packheiser et al., 2020), but also in the context of written language via handwriting tasks, as discussed above (Kondyli et al., 2017; Papadatou-Pastou etal., 2022). Another reason why comparing left-handers to right-handers is deemed worthwhile in the context of the cerebral lateralization of writing, is that 90% of right-handers but only 70% of left-handers exhibit left-hemispheric language lateralization (Carey & Johnstone, 2014). An implication of that is that only 30% of left-handers (compared to 90% of right-handers) have their language processes located in the contra-lateral hemisphere to their writing hand (Carey & Johnstone, 2014), while limb movements are predominantly controlled by the contralateral hemisphere. Furthermore, left-handers account for approximately 10% of the population (Papadatou-Pastou et al., 2020), thereby necessitating consideration of their phenotypical variation to thoroughly understand the function of the human brain. Indeed, left-handers have been identified as a compelling and widely available, yet largely untapped, resource for neuroscientific studies (Willems, Van der Haegen, Fisher, & Francks, 2014). More recently, Bailey et al. (2020) quantified this observation, showing that only about 3% of participants in neuroimaging studies, from whom handedness data are available, are adextral. Bailey et al. (2020) thus also advocate for a more balanced consideration of handedness.
[bookmark: _Hlk148088652]The present study aims to investigate the cerebral laterality of writing using a smartphone, by comparing it with the cerebral laterality of the best available benchmark task, namely handwriting. At present, there is no data available on other writing modalities (albeit we are in the process of investigating cerebral laterality for typing on a PC keyboard, Samsouris et al. 2023). Oral language tasks, on the other hand, are not directly comparable due to differences like the absence of a manual motor component in oral language. Regardless, we here attempt to isolate the linguistic component of writing (both in the context of handwriting as well as in the context of typing in a smartphone screen), by using motor control tasks designed for the motor movement involved in each mode of writing. We believe that, after controlling for the motor component of writing using a smartphone (in this case, using a “random key tapping” task as we describe later in the “Methods” section) the LI for the linguistic component of writing using a smartphone will be directly comparable to the LI for the linguistic component of handwriting.  We expect that the language network underlying writing will be consistent across the two modes of writing and thus the cerebral lateralization during those tasks will not show significant differences. If our hypothesis is not supported, and we find differences between the lateralization of the two writing modes, then this could guide future studies using neuroimaging techniques with higher spatial resolution to localise the different networks subserving the linguistic component of the two writing modes. In addition, we aim to explore potential handedness differences in the cerebral laterality of writing using a smartphone.
We form the following hypotheses:
Hypothesis 1: There will be an absence of difference in the cerebral laterality of the linguistic component of writing as assessed during handwriting vs. writing using a smartphone.
Hypothesis 2: Right-handers will exhibit stronger left-hemispheric lateralization compared to left-handers for the linguistic part of writing using a smartphone.

[bookmark: _vy7azoyatri]MATERIALS & METHODS
[bookmark: _y8s6rjsqccu7]Sampling plan
The initial sample size will be 40 healthy adult volunteers (20 left- and 20 right-handed, classified using the Edinburgh Handedness Inventory (EHI; Oldfield, 1971), which is an adequate size for counterbalancing between the four versions of presentation of the study’s material. We will implement a Bayesian approach in our analysis and our goal is to achieve a BF10 greater than 3 (or a BF10 smaller than 1/3) which corresponds to “moderate evidence” (M. D. Lee & Eric-Jan Wagenmakers, 2014), for both of our hypotheses. If this BF value is not reached in our initial sample, we will keep adding two participants in both handedness groups using the Sequential Bayesian Factor (SBF) with Maximal n design (Schönbrodt et al., 2017). This process will continue until our goal is reached or until a total of 80 participants have been recruited, given resource and time constraints, but also given that Schönbrodt et al. (2017) has shown that 24 participants in each group for an SBF Design is an average sample size free from wrong inference associated with false negative evidence, a sample size we will exceed with out maximum n. We will recruit the participants by advertising the study in social media and in our lab and project websites. An additional pool of participants will be recruited from the university in return for course credit (undergraduate and postgraduate students). Monetary incentives will not be provided. The criteria that we will use for the recruitment are as follows:
Inclusion Criteria
1.         Participants will have to self-report as healthy adults with Greek as their only first language (absence of systematic exposure to any other language for their first 6 years), with normal or corrected-to-normal vision.
2.        Ability to operate a smartphone keyboard using their thumb on their dominant hand. We will test this by having participants perform a word composition task using a smartphone keyboard and measure their Words Per Minute (WPM) typing speed. For this word composition task, participants will be given 60 seconds to write as many words as they can think of as fast and accurately as they can. The total number of written words will be measured and this will be the WPM score of each participant. We will set a baseline of 12 WPM because that translates to three words in 15 seconds which is the time window that our participants will have during the experiment to compose words starting from the cue letter.
3.	Participants will have an EHI score of 0-40% (left-handers) or 60-100% (right-handers).
Exclusion Criteria (self-reported)
1.         History of dyslexia, dysgraphia, or other neurodevelopmental disorders.
2.         Existing neurological problems or related issues affecting the normal function and mobility of the hands. Current substance abuse, or current use of illicit drugs.
[bookmark: _d88uhb3bc1mj]Assessment of linguistic lateralization
An agile headset that supports two 2-MHz robotic transducer probes of a Doppler ultrasonographic device that is commercially available (Delica EMS-9F), will be fitted on the participant, placed over both (left and right) temporal windows. The optimal depth for the ultrasonography of the MCAs is 45-56 mm, and we will adjust the angle of the probes for signal optimization. The PsychoPy software will be used for the presentation of the auditory (cueing tones) and visual (instructions and cueing letters) signals, and for sending the trigger marks from the ultrasonography device to annotate the beginning of each trial. After the experiment, the Doppler signal will be extracted as a spectral envelope at 125 Hz and saved as a text document for offline analysis.
The MATLAB-based toolbox, DOPOSCCI (https://github.com/nicalbee/dopStep; Badcock et al., 2012; Badcock et al., 2017), will be utilized to process the data. Unnecessary data will be trimmed from the start and the end of the recording. The beginning of each epoch will be 18 seconds prior to the cueing tone and continue for 36 seconds after the cueing tone. The heartbeat-related variability will be subtracted (Knecht et al., 1998; Meyer et al., 2014) by applying a linear correction (see Badcock et al., 2018). The cases of extreme values that exceed -3 to 4 standard deviations from the mean (assuming they are a byproduct of minor signal dropout that affects no more than 5% of the data) will be corrected by applying a linear interpolation from 1.5 seconds from either side of the value that was deemed extreme. The blood flow velocity values will be normalized to a mean equal to 100 for both the left and right channel at an epoch-by-epoch basis. Blood flow velocity values will be rejected for (i) being lower than 70% or higher than 130% of the mean or (ii) having an absolute difference between the left and right channel greater than or equal to 20% multiplied by the inter-quartile range of the individual, affecting 1% or more of the data. The data will then be baseline corrected (i.e., removing the average of the period before the cueing tone). Our period of interest (POI) will be between 7 and 24 seconds after the presentation of the cuing tone, as this is when we expect the maximum activation to take place based on neurovascular coupling. The last step is the averaging of the data and the calculation of the LI as the average difference between the left-minus-right channels within the POI.
Each trial includes the following (see Figure 1 for a schematic representation):
1.         Relaxation period: A 35-second period where the Greek translation of the text “Try to clear your mind” will be displayed on a grey background. The start of this period will be accompanied by a cuing tone (440 Hz) with a duration of 0.5 seconds.
2.        Preparatory period: A 5-second period starting with a second cueing tone (440 Hz, duration of 0.5 seconds) where no text is displayed on the screen. Participants will be prompted to use this pause to focus their attention on the forthcoming task.
3.         Display of a cue letter: The screen will display a capital (Greek) letter (Arial font) in white color on a grey background for 2.5 seconds. The beginning of this phase will also trigger a marker from the computer that is used for stimuli presentation to the fTCD device for synchronization.
4.         Word-generation/control-task period: A 15-second period that starts with the presentation of the cue letter (and includes the period that the cue letter is displayed) where the word generation/control task will take place.
For the word generation/control period, participants will be instructed to perform one task out of the following four (corresponding to the four conditions of the experiment):
1.         “Handwriting”: Participants will be instructed to write as many words as possible that start with the cue letter using pen-and-paper.
2.         “Handwriting Control”: Participants will be instructed to copy the cue letter as many times as possible. This will act as a control condition for the hand motion during handwriting.
3.         “Typing”: Participants will be instructed to type as many words as possible that start with the cue letter by typing the keyboard of the smartphone using the thumb of their dominant hand.
4.         “Typing Control”: Participants will be instructed to tap randomly on the smartphone keyboard using the thumb of their dominant hand after the cue letter is presented. This will act as a control condition for the hand motion during writing using a smartphone. 
Figure 1
[bookmark: _Hlk148087649]An fTCD task trial example[image: ]The “Typing” conditions will be performed on the same smartphone device in portrait orientation, which we will provide to the participants. Intelligent entry techniques such as “autocomplete” and “autocorrect” will be turned off. The participants will be asked to hold the phone with their dominant hand and tap the keyboard using their thumb because this method parallels the single hand use that is present in handwriting. In both the “Typing” and “Typing Control” conditions, the participants will be writing in a “notes” file, which will then be saved and archived.
For the word generation tasks (“Handwriting” and “Typing”), participants will be free to write in their accustomed way (using capital or lower-case letters, stressing the words or not). We will ignore misspellings for the purpose of calculating words per minute.
The experimental procedure will comprise 80 trials (two blocks of 40 trials, with a break between blocks). Each block will consist of 10 trials of each condition. The order of the trials will be the same for both blocks and will be randomly assigned for each participant, counterbalanced between participants. To simplify the procedure for the participant, “Handwriting” trials will always take place before or after the “Handwriting Control” trials and “Typing” will be before or after “Typing Control” trials.
Out of the 24 letters of the Greek alphabet, 20 letters will be used as cues (each presented once in every condition for a total of four times during the experiment) according to the pilot procedure that is described in Kondyli et al. (2017). These letters allow for the maximum number of words to be generated. The generated words will be recorded.
Six cerebral LIs will be calculated for each participant:
1.         LI_handwriting corresponding to the “Handwriting” condition,
2.         LI_handwriting_control corresponding to the “Handwriting Control” condition,
3.         LI_handwriting_corrected corresponding to the cerebral LI for the linguistic component of handwriting (after hand motion correction, i.e. by subtracting the activation that corresponds to the control task from the activation that corresponds to the handwriting task:   LI_handwriting - LI_handwriting_control),
4.         LI_typing corresponding to the “Typing” condition, and
5.	 LI_typing_control corresponding to the “Typing Control” condition,
6.         LI_typing_corrected corresponding to the cerebral LI for the linguistic component of writing on the smartphone (after hand motion correction; i.e. by subtracting the activation the corresponds to the control task from the activation that corresponds to the typing task:  LI_typing - LI_typing_control).
Participants will be excluded at this stage in the cases of:
1.         Inadequate ultrasound penetration of the skull (determined as inability to get a working ultrasonography signal using our equipment, making the ultrasonography impossible),
2.         Noisy data (in the cases where less than 10 out of the 20 epochs in each condition are accepted; i.e., less than 10 epochs that have cerebral blood flow volume values in the range of 70% to 130% of the mean velocity or an absolute left-minus right channel difference less than 20% multiplied by the inter-quartile range of the individual).
To address the reliability of our measures, we will:
(i) provide a scatterplot showing individual mean LIs for all six LIs with horizontal and vertical error bars denoting standard errors, following Bishop et al. (2021), in order to visually inspect reliability. 
(ii) plot left and right hemisphere activation as a function of epoch time for all four tasks (namely Handwriting, Handwriting Control, Typing, Typing control) as well as for the two difference scores (Handwriting minus Handwriting Control and Typing minus Typing Control), again following Bishop et al. (2021), to visually establish whether the maximum differences between left and right channels in different tasks are occurring at a similar time point. 
(iii) perform a split-half reliability test separately for each task (namely Handwriting, Handwriting Control, and their difference score; Typing, Typing Control, and their difference score). If the correlation is below 0.6 we will assume that our tasks are not suitable to show the effects of interest and not include these tasks in further analyses.



[bookmark: _5ivayuqgjj1g]Assessment of handedness
The handedness categorization for our primary analysis will be conducted by self-report using the Greek version of the Edinburgh Handedness Inventory (Oldfield, 1971). Participants will indicate their hand preference in ten activities: throwing a ball; drawing; using scissors; holding a knife to carve meat; using a toothbrush; holding a spoon; striking a match; holding a broom (upper hand); and opening the lid of a box. Two more items will be included in the self-report (looking with the one eye and kicking a ball) which will not be part of the registered analysis but will be shared as raw data. For the above items, participants will be instructed to give one of the five possible responses regarding the limb or eye preference: “always left” (scoring 0 points), “usually left” (1 point), “no preference” (2 points), “usually right” (3 points), and “always right” (4 points). The points will be summed for each participant, divided by 40 (the maximum possible score), and multiplied by 100 to get a percentage score. The handedness LI ranges from 0% (extreme left-handedness) to 100% (extreme right-handedness). Participants will then be classified as left-handers (if their score is within the range of 0% to 49%) or right-handers (if their score is within the range of 50% to 100%).
Further handedness measures will also be collected and shared in our raw data set as they might be useful for future studies and/or meta-analyses. The reasoning behind this decision is based on large studies (e.g., Cornish & McManus, 1996; DeLisi et al., 2002; Gorynia & Müller, 2006; Groen et al., 2013) and meta-analyses (e.g., Papadatou-Pastou et al., 2020) that recommend the use of a comprehensive set of the handedness measures that includes both hand skill and hand preference assessments.
1.         Hand Skill: Participants will perform the Annett’s pegboard task (Annett et al., 1979) to test their relative hand skill. The apparatus is a wooden 32 x 18 cm board consisting of two attached pieces, each having ten holes drilled in equal spaces across their length. The diameter of the holes will be 1.2 cm and the pegs (that will have to be inserted in the holes) will have a diameter of 1.0 cm and a length of 7.0 cm (see Figure 2 for a visual representation of the pegboard). To complete the task, the participants will have to move as quickly as possible all ten pegs from the upper row of the pegboard to the row closer to them using one hand at the time, starting from the side of the board ipsilateral to their operating hand. Every participant will begin the trial with their right hand and alternate between hands for a total of 6 repetitions (3 for each hand). In the instance that a peg is dropped, the participant will repeat the trial. Participants will be asked to remain silent during the trials because talking might interfere with their performance. We will use a stopwatch to manually record the time that each participant takes to complete each trial (from touching the first peg until releasing the last). The time in the 3 trials of each of the hands will be added to create the values RH (right hand) and LH (left hand). We will calculate a hand skill LI using the following formula: LI = [(LH-RH) / (LH+RH)]*100. A positive score will signify superior right hand skill, while a negative score will signify superior left hand skill.








Figure 2
Picture of the wooden pegboard that will be used in our experiment.[image: figures/fig2.png]
2.         Hand Preference: We will observe (rather than rely on the self-report as per the EHI) the hand preference of the participants by having them perform the Quantification of Hand Preference Test (QHPT; Bishop et al., 1996). Seven locations will be set on a table, each at 40 cm from the midpoint (the spot on the table right in front of the participant) and at 30° from each other. Twenty-one cards will be placed on the table, three at each location (see Figure 3 for a schematic representation of the QHPT setup). Participants will stand in front of the table with their hands resting on their sides and will be instructed to pick up one named card at a time and place it in a box lying in front of them. The card order will be random but unchanged between the participants. We will record the hand used to pick up each card. The scoring for this task will be as follows: 2 points will be added if they use their right hand, 1 point if they change hands, and 0 points if they use their left hand to pick up a card. The actual score of the participant will be divided by the maximum score (42) and multiplied with 100 to get a percentage, which will be their hand preference LI. The range for this score will be 0-100% with a value of 0% signifying extreme left-handedness and 100% signifying extreme right-handedness. A binary classification will proceed with participants being characterized as left-handers if they have a score of 0-49% and as right-handers if they have a score of 50-100%.
Figure 3
Representation of the spatial planning of the Quantification of Hand Preference Task (QHPT).
[image: figures/fig3.png]
[bookmark: _2dckgxj4eyz1]Procedure
The initial screening will be conducted through an online questionnaire, sent to individuals who express an interest in participation (to confirm normal vision, no illicit drug use, etc.). Three days before participation, an information document will then be shared with participants to provide adequate time for them to decide upon participating. Upon arrival at the test site, we will explain the study to the participants and answer any questions. Following this, participants will give their written informed consent and will be explicitly told that they are free to leave at any time without providing a reason. The study will take place in a quiet room where participants will be seated in front of a computer and will be handed a smartphone (the same for all participants) to perform the word composition task. We will then proceed with adjusting the fTCD probes and the participants will be given a choice to watch the first few minutes off a movie during this process. We will then proceed with the data collection. After the first 40 trials (10 in each condition) participants will take a break during which we will collect the handedness measures. Then, participants will resume with the second (and final) 40 trials. We will then debrief the participants about the study.
[bookmark: _5nrkih7esy0u]Analysis Plan
Hypothesis 1: There will be no difference in the cerebral laterality during handwriting vs. writing using a smartphone after hand motion correction (linguistic component). To test Hypothesis 1, we will perform a Bayesian dependent samples t-test for the LI_handwriting_corrected and LI_typing_corrected. The prior chosen for the t-test will be a Cauchy distribution with a 0.707 width parameter, corresponding to a “medium” effect size according to Morey et al., (2011).
Hypothesis 2: Left handers will exhibit a weaker left-hemispheric lateralization when compared to right-handers for the linguistic part of writing using a smartphone (after hand motion correction). To test hypothesis 2, we will perform a Bayesian independent samples t-test for LI_typing_corrected between left- and right-handers. The Bayes Factor will represent the likelihood of the alternative hypothesis (the linguistic components of writing differ between the handedness groups) over the null. The prior chosen for the t-test will be a half-Cauchy distribution (Rouder et al., 2009) with a width parameter of 0.94 (Schmalz et al., 2021) which is equal to Cohen’s d for the lateralization difference of the linguistic component of writing (implementing a symbol-copying condition as a control to writing words) between left- and right-handers in Papadatou-Pastou et al. (2022).
[bookmark: _Hlk151719625][bookmark: _Hlk151719679]LI measurement reliability: The consistency of the measurement of the lateralization indices across trials will be verified using Spearman correlation of the mean LI of each task type (LI_handwrite, LI_handwrite_control, LI_typing, LI_typing_control, LI_handwrite_corrected, and LI_typing_corrected) between odd and even trials (Bishop et al., 2021). In order to ensure that we will be able to estimate any level of reliability, we assigned equal probability to all possible correlations. Therefore, the priors for the Spearman correlations will be described by Beta(1,1) distributions, which correspond to uniform distributions with equal probabilities for all values between 0 and 1.
Data Availability Statement
        	Material, data, and analysis code (with accompanying text) will be publicly available at the open data repository “Open Science Framework” (osf.io). This will include the raw fTCD data, the handedness data, as well as the MATLAB and R [MPP1] scripts that will be used for the pre-processing of the data and the subsequent statistical analyses that will be performed on them.
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	Question
	Hypothesis
	Sampling plan
	Analysis Plan
	Rationale for deciding the sensitivity of the test for confirming or disconfirming the hypothesis
	Interpretation given different outcomes

	Does cerebral lateralization during writing change if writing is performed in different mediums? I.e., will cerebral lateralization during handwriting and during writing using a smartphone be different?
 
 
 
 
	Cerebral laterality during handwriting is not different from writing with a smartphone
	Initial sample of 40 healthy adult volunteers (20 left- and 20 right-handed). If we do not achieve “moderate evidence” in favour or against our hypothesis (represented by a Bayes Factor greater than 3 (or lower than 1/3 respectively) for our initial sample, we will recruit 2 more participants for each group using the sequential Baysian Factor with Maximal n design until the target Bayes Factor is achieved, or we reach the upper limit of 80 participants due to time and resource constraints.
	Bayesian dependent samples t-test for the LI_typing_corrected. The prior chosen for the t-test will be a Cauchy distribution with a 0.707 width parameter.
	Evidence is expected to be in favour of the null hypothesis. The chosen prior corresponds to a “medium” effect size (Morey et al., 2011).
	Evidence in favour of the null hypothesis that cerebral lateralization shows a similar pattern between the two modes of writing will indicate that the medium of writing does not affect the lateralization pattern of the linguistic component of written language. Evidence in favour of the alternative hypothesis will indicate that writing using a smartphone keyboard results in a different cerebral lateralization pattern compared to handwriting.

	Is the greater left-hemispheric lateralization found for oral language processes in right- compared to left-handers also going to be present for the language processes during writing using a smartphone?
	Right-handers will exhibit stronger left-hemispheric lateralization compared to left-handers for writing using a smartphone.
 
	
	Bayesian independent samples t-test for LI_typing_corrected between left- and right-handers. The Bayes Factor will represent the likelihood of the alternative hypothesis over the null. The prior chosen for the t-test will be a half-Cauchy distribution (Rouder, Speckman, Sun, Morey, & Iverson, 2009) with a width parameter of 0.94 (Schmalz, Manresa, & Zhang, 2021).
	The width parameter for the prior is equal to Cohen’s d for the lateralization difference of the linguistic component of writing (implementing a symbol-copying condition as a control to writing words) between left- and right-handers in Papadatou-Pastou et al. (2022).
 
	Evidence in favour of the null hypothesis would indicate that no difference in lateralization exist between right-and left-handers, indicating that handedness does not affect cerebral lateralization during typing. Evidence in favour of the alternative would indicate that right-handers show a greater left cerebral lateralization compared to left-handers, which would be consistent with the lateralization results from the literature on handwriting.
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