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Handwriting but not typewriting 
leads to widespread brain 
connectivity: a high-density EEG 
study with implications for the 
classroom
F. R. (Ruud) Van der Weel  and Audrey L. H. Van der Meer *

Developmental Neuroscience Laboratory, Department of Psychology, Norwegian University of Science 
and Technology, Trondheim, Norway

As traditional handwriting is progressively being replaced by digital devices, it 
is essential to investigate the implications for the human brain. Brain electrical 
activity was recorded in 36 university students as they were handwriting visually 
presented words using a digital pen and typewriting the words on a keyboard. 
Connectivity analyses were performed on EEG data recorded with a 256-channel 
sensor array. When writing by hand, brain connectivity patterns were far more 
elaborate than when typewriting on a keyboard, as shown by widespread theta/
alpha connectivity coherence patterns between network hubs and nodes in parietal 
and central brain regions. Existing literature indicates that connectivity patterns 
in these brain areas and at such frequencies are crucial for memory formation 
and for encoding new information and, therefore, are beneficial for learning. Our 
findings suggest that the spatiotemporal pattern from visual and proprioceptive 
information obtained through the precisely controlled hand movements when 
using a pen, contribute extensively to the brain’s connectivity patterns that 
promote learning. We urge that children, from an early age, must be exposed to 
handwriting activities in school to establish the neuronal connectivity patterns 
that provide the brain with optimal conditions for learning. Although it is vital 
to maintain handwriting practice at school, it is also important to keep up with 
continuously developing technological advances. Therefore, both teachers and 
students should be aware of which practice has the best learning effect in what 
context, for example when taking lecture notes or when writing an essay.
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Introduction

Digital devices are more and more replacing traditional handwriting (Longcamp et al., 2006; 
Kiefer et al., 2015), and as both writing and reading are becoming increasingly digitized in the 
classroom, we need to examine the implications of this practice (Mangen and Balsvik, 2016; 
Patterson and Patterson, 2017). Using a keyboard is now often recommended for young children 
as it is less demanding and frustrating (Cunningham and Stanovich, 1990; Fears and Lockman, 
2018), allowing them to express themselves in written form earlier (Hultin and Westman, 2013). 
Be that as it may, handwriting training has not only been found to improve spelling accuracy 
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(Cunningham and Stanovich, 1990) and better memory and recall 
(Longcamp et al., 2006; Smoker et al., 2009; Mueller and Oppenheimer, 
2014), but also to facilitate letter recognition and understanding 
(Longcamp et al., 2005, 2008; Li and James, 2016). Such benefits for 
learning have been reported irrespective of when writing by hand 
using a traditional pen or pencil or using a digital pen (Osugi et al., 
2019). Also, brain research shows that it is not just any motor activity 
that facilitates learning, but that accurately coordinating the complex 
hand movements while carefully shaping each letter when using a pen, 
is crucial (Pei et  al., 2021). Apparently, the pen causes different 
underlying neurological processes that provide the brain with optimal 
conditions for learning and remembering (Askvik et al., 2020).

Recent findings in neuroscience reveal that neural processes are 
not as localized and static as is commonly believed, but that the brain 
is organized in a highly dynamic functional manner (Lopes da Silva, 
1991; Singer, 1993). Under normal circumstances, several brain 
systems are continually working together (Buzsáki, 2006), showing an 
extremely flexible organization with structurally different neural tissue 
being involved in neural circuits that are only temporarily assembled 
so as to enable a given task (Edelman and Gally, 2013; Van der Weel 
et al., 2019). In such a view, neurons can change function entirely 
when incorporated in different systems (Anderson, 2014). Bullmore 
and Sporns (2009) refer to this type of flexible organization of the 
brain as functional connectivity as against structural connectivity.

Electroencephalography is well suited to studying brain electrical 
activity as a function of handwriting and typewriting in the 
millisecond scale. It permits the investigation of changes in the status 
of the underlying active networks (Lopes da Silva, 1991) and can 
reveal the everchanging spatial patterns of activations that are specific 
to any given task (Pfurtscheller et al., 1996). In particular, studies of 
cortical oscillations detected with high-density EEG are now 
considered an indispensable aspect of contemporary systems 
neuroscience (Fröhlich, 2016).

Brain oscillations can be considered as the interplay between the 
cortex and the thalamus and are generated by changes involved in the 
control of oscillations in neural networks (Pfurtscheller and Lopes da 
Silva, 1999). The complex interactions and the resulting particular 
frequencies are thought to reflect distinct cognitive processes 
(Klimesch et  al., 1994; Berens and Horner, 2017). The temporal 
organization of neuronal firing is crucial as it is assumed to 
be  fundamental when forming long-term memories in the 
hippocampus (Berens and Horner, 2017).

Frequency-specific changes in EEG recordings can be observed as 
event-related synchronization (ERS) or event-related 
desynchronization (ERD; Pfurtscheller and Aranibar, 1977; 
Pfurtscheller and Lopes da Silva, 1999). Spectral analyses are used to 
detect differences in a given frequency band (Pfurtscheller et al., 1994; 
Salmelin and Hari, 1994; Klimesch et al., 1996), by calculating the 
temporal dynamics of EEG oscillations and quantifying event-related 
amplifications and/or suppressions of rhythms.

A recent EEG-study from our lab showed that drawing by hand 
causes more activity and involves larger areas in the brain as opposed 
to typing on a keyboard (Van der Meer and Van der Weel, 2017). 
We  concluded that the involvement of fine and intricate hand 
movements in notetaking, in contrast with pressing keys on a 
keyboard that all require the same simple finger movement, may 
be more advantageous for learning (Van der Meer and Van der Weel, 
2017). A follow-up study observed event-related synchronized activity 

in the theta range in both children and students in parietal and central 
brain regions, but only when writing by hand (Askvik et al., 2020). As 
these studies have found evidence that writing by hand facilitates 
learning, the present study further investigated the neurobiological 
differences related to cursive writing and typewriting in the young 
adult brain. Specifically, we investigated how the various brain regions 
interconnect via neural networks when writing by hand as opposed to 
typing on a keyboard using frequency modulation and the latest in 
brain connectivity analysis (c.f., Solomon et al., 2017).

Methods

Participants

Forty university students in their early twenties took part in the 
study at the Developmental Neuroscience Laboratory, Norwegian 
University of Science and Technology (NTNU). HD EEG data from 
36 students were of good enough quality and sufficiently artifact-free 
to be included in the analyses. The data from 12 adult participants 
were already used in analyses in the time-frequency domain (Askvik 
et  al., 2020). The present study performed a brain connectivity 
analysis to investigate the underlying neural networks involved in 
tasks of handwriting and typewriting. Participants were mostly 
students and were recruited at the university campus. They received 
a $15 cinema ticket for taking part. To avoid crossover effects 
between the two hemispheres, only right-handed participants were 
included, as determined by the Edinburgh Handedness Inventory 
(Oldfield, 1971). Allowing the use of (the fingers of) both hands 
would cause many unforeseen effects on the brain, which would 
make it hard to interpret the results. Participants gave their informed 
written consent, and it was made clear that they could withdraw 
from the experiment at any time without consequences. The 
Regional Committee for Medical and Health Ethics (Central 
Norway) approved the study.

Experimental stimuli and EEG data 
acquisition

E-prime 2.0 was used to individually display 15 different 
Pictionary words on a Microsoft Surface Studio. The participants used 
a digital pen to write in cursive by hand directly on the touchscreen, 
and a keyboard to typewrite the presented words.

The experiment comprised a total of 30 trials, where each word 
appeared in two different conditions, presented in a randomized 
order. For each trial, participants were instructed to either (a) write in 
cursive with their right hand the presented word with a digital pen 
directly on the screen, or (b) type the presented word using the right 
index finger on the keyboard. Before each trial, the instruction write 
or type appeared before one of the target words appeared, and the 
participants were given 25 s to either write by hand or type the word 
multiple times, separated by a space. EEG data were recorded only 
during the first 5 s of each trial. To prevent artifacts produced by head 
and eye movements caused by shifting gaze between the screen and 
the keyboard, typed words did not appear on the screen while the 
participant was typewriting. The writings produced by the participants 
(see Figure 1 for example) were stored for offline analyses.
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A Geodesic Sensor Net (GSN; Tucker et al., 1994) with 256 evenly 
distributed electrodes was used to record EEG activity from the 
participant’s scalp at 500 Hz. The signals were amplified using a high-
input EGI amplifier (Picton et al., 2000).

Procedure

On arrival in the lab, a consent form with all necessary information 
was given to the participants to sign. While the participant completed 
the handedness test, an appropriately sized net was soaked in a saline 
electrolyte for 15 min to optimize electrical conductivity. The 
participant was sitting comfortably in an adjustable chair in front of a 
table. The screen was placed on the table as closely as possible to the 
participant. A keyboard was also placed in a preferred position for the 
participant, and a digital pen was used for writing on the touchscreen. 
A pre-test was completed before the experiment started, where one of 
the experimenters was present in the room with the participant.

Brain data pre-analyses

Brain Electrical Source Analysis (BESA version 7.0) research 
software and BESA Connectivity (version 1.0) were used to analyze 
the EEG data. Epoch and filter settings were the same as in Askvik 
et al. (2020).

Channels contaminated by movement artifacts were either 
removed or interpolated using spherical spline interpolation (Perrin 
et al., 1989; Picton et al., 2000). Up to 10% of channels could be defined 
as bad. Artifact correction was applied using manual and semi-
automatic artifact correction with fitting spatial filters (Berg and 
Scherg, 1994; Ille et al., 2002; Fujioka et al., 2011).

The mean number of accepted trials out of 15 was 14.1 (SD = 1.1) 
for handwriting and 13.3 (SD = 1.3) for typewriting. To analyze 
oscillatory brain activity, a time-frequency analysis in brain space was 
then performed on accepted trials, see Askvik et al. (2020) for details. 

Optimal separation of brain activity was achieved using source 
montages derived from a multiple source model where waveforms 
separated different brain activities (Scherg and Berg, 1991). Using this 
procedure, the time-frequency content of different brain regions can 
be separated even if their activities severely overlap at the surface of 
the scalp (Hoechstetter et al., 2004). Then, the connectivity measure 
of Coherence was applied, resulting in a symmetric connectivity 
matrix with the upper and lower triangular matrix showing pairwise 
clusters symmetrical to the diagonal.

Statistical analyses

Probability of significance in connectivity values was tested with 
BESA Statistics 2.0, where connectivity measures for all participants 
were computed and the significant connectivity regions were used as 
guides in finding the extent of connectivity between the two 
experimental conditions of writing and typing. A combination of 
permutation tests and data clustering was employed. Permutation tests 
were applied to each set of time samples belonging to one frequency 
bin (Simes, 1986). Data clusters that showed a significant effect 
between conditions were assigned initial cluster values. Using within-
group ANOVA’s, these initial cluster values were passed through 
permutation and assigned new clusters so that the significance of the 
initial cluster could be determined. A Bonferroni correction was used 
for multiple comparisons. As in Askvik et al. (2020), cluster alpha, the 
significance level for building clusters in time and/or frequency, was 
set at 0.01 and the number of permutations was set at 10.000. Low- 
and high cut-offs for frequency were kept at 2 Hz and 60 Hz 
respectively, and epochs were set from −250 to 4,500 ms.

Results

High-density EEGs were recorded during the experimental 
handwriting and typing conditions. Artifacts were removed from the 

FIGURE 1

Task design, behavioral performance, and sequence of the connectivity analyses. Visually presented words were either written by hand with a digital 
pen or typed on a keyboard while participants were wearing a 256-channel sensor array. EEG recordings were analyzed in terms of their functional 
connectivity, resulting in detailed network measures.

https://doi.org/10.3389/fpsyg.2023.1219945
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Van der Weel and Van der Meer 10.3389/fpsyg.2023.1219945

Frontiers in Psychology 04 frontiersin.org

raw EEG recordings, then the inverse problem was solved by using a 
4-shell ellipsoidal head model to analyze the brain regions of interest. 
The time series of the reconstructed sources were obtained and 
transformed into the frequency domain using complex demodulation. 
The functional connectivity between the reconstructed sources was 
computed using the coherence method. A high-resolution functional 
connectivity matrix was obtained, and the corresponding functional 
brain network was visualized. Network measures were then extracted 
from the network (Figure 1).

A time-frequency display is shown for three important brain 
regions in Figure  2 where the power/amplitude for each time is 
normalized to the mean power/amplitude of the baseline epoch for 
that frequency. The x-axis shows the time relative to the event, the 
y-axis shows the frequencies. The intensities are displayed as a color-
coded plot.

Figure 2 displays the results of grand average coherence results 
from just three selected connectivity areas of interest for clarity, for the 
two experimental conditions handwriting and typewriting (left 
panels), together with the difference in coherence between writing and 

typing and their permutation results (right panels). Connectivity areas 
of large significant difference between writing and typing included 
central and parietal brain regions in frequencies ranging from theta 
(2 Hz) and up to gamma (60 Hz). The signal magnitude reflects 
estimated connectivity strength between brain areas compared to 
baseline (−250 to 0 ms) activity. Positive connectivity patterns are 
shown in (shades of) red. In the central and parietal areas, positive 
coherence patterns were more prominent in the lower frequencies 
(theta 3.5–7.5 Hz and alpha 7.5–12.5 Hz) for handwriting as opposed 
to typewriting. For handwriting, this activity appeared between 1,000 
to 2000 ms and lasted throughout the trial.

The connectivity matrix of writing over 
typing

Comparisons between the two conditions handwriting and 
typewriting were computed for each participant with time-frequency 
displays (changes in amplitude over time). TSE displays were limited 

FIGURE 2

Grand average coherence results. Displayed are only three selected connectivity areas of interest for the two experimental conditions handwriting and 
typewriting (left panels), together with the difference in coherence between writing and typing and their permutation results (right panels). Connectivity 
areas of large significant difference between handwriting and typewriting included brain regions CR-PM (central right-parietal midline, top two panels on 
the left) and CL-PM (central left-parietal midline, middle two panels on the left), as well as CM-CR (central midline-central right, bottom two panels on 
the left), in frequencies ranging from theta (2 Hz) and up to gamma (60 Hz). The x-axes display the time interval from baseline to 4,500 ms of recordings 
of the trial. The signal magnitude reflects the estimated neural connectivity strength between the various brain areas during the experimental conditions 
compared to baseline activity (−250 to 0 ms). Positive connectivity is shown as (shades of) red-colored contours in handwriting/typewriting plots (panels 
on the left) and difference plots between handwriting and typewriting/permutation results (panels on the right). Positive connectivity is significantly more 
prominent in lower frequencies (theta 3.5–7.5 Hz and alpha 8–12.5) for handwriting (0 ≤ p < 0.05, see also Figure 4).
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between frequency cut-offs of 2–60 Hz, while frequency and time were 
sampled at 1 Hz and 50 ms, respectively. Symmetric connectivity 
measures were then obtained from BESA Connectivity and a high-
resolution functional connectivity matrix between the reconstructed 
sources was computed using the coherence method (Rosenberg et al., 
1989). Here, the number of in-phase components of two brain source 
signals at a specific frequency were described, and the corresponding 
functional brain network was visualized in Figure 3. Finally, network 
measures were extracted from the network and presented in Figure 4.

Figure  3A displays the grand average connectivity matrix for 
writing compared to typing. The matrix offers a compact description 
of the pairwise connectivity between all separate regions of the brain. 
Throughout the matrix there is evidence for widespread theta/alpha 
coherence results (in red) particularly between areas parietal-right, 
parietal-mid, and parietal-left and between areas central-right and 
central-left. These connectivity patterns are further illustrated in 
Figure 3B revealing a concentration of no less than 32 significant 
clusters (see Figure  4 for details) for handwriting, but not for 
typewriting. A pair of clusters will represent a single link between the 
corresponding pair of sources. The 32 significant clusters thus 
represent 16 significant connections.

Main statistical effects

Analyses were run to test for statistical differences in brain activity 
between handwriting and typewriting. Figure 4 displays the detailed 
effects (t-tests) of the permutation results. These results showed 32 
significant cluster differences between the two experimental 
conditions. The t-tests revealed significant differences in connectivity 

primarily in the theta (3.5–7.5 Hz) and alpha (8–12.5 Hz) range within 
three positive clusters (in orange), namely in the parietal left (PL), 
parietal midline (PM), and parietal right (PR) areas (see also Figure 3). 
These positive clusters suggest separate processes (differences in band 
power) between handwriting and typewriting mainly in the parietal 
but also in the central regions.

As can be seen in Figure 4, significant clusters of differences 
in band power were found mainly in parietal and central 
brain regions.

Network measures

Figure 5 shows the adjacency matrix for handwriting in the form 
of a hub, nodes, and edges of a simplified theoretical network 
(Figure 5A). Hubs have a higher degree of involvement in the network 
than nodes as expressed through their functional connectivity values 
(edges). Figure 5B shows the brain connectivity network results of 
handwriting compared to typewriting in this experiment. Proposed 
hubs (in red, ≥ 4 departures/arrivals) and nodes (in black, ≤ 3 
departures/arrivals) interacting between brain regions PL, PM, PR 
and CL, CM, CR show widespread theta/alpha coherence patterns 
indicating stronger connectivity when writing as opposed to typing 
(Figure 5C).

General discussion

This study investigated brain electrical connectivity as a function 
of handwriting and typewriting using high-density EEG in young 

FIGURE 3

Connectivity results of writing over typing. (A) Grand average connectivity matrix results show widespread theta/alpha coherence results (in red) between 
PL, PM, PR and CL, CM, CR brain regions when writing by hand, but not when typing. The y-axes display frequencies from 2 to 60 Hz. The x-axes display 
the time interval from baseline to 4,500 ms of recordings of the trial for all involved brain regions. The signal magnitude (coherence) reflects the estimated 
neural connectivity between the various brain regions during the writing condition compared to baseline activity (−250 to 0 ms). (B) Further illustration of 
connectivity patterns revealing a concentration of 16 significant connections for handwriting compared to typewriting. Connection lines in red indicate 
connectivity in the theta range whereas lines in blue indicate connectivity in the alpha range. Levels of significance in connectivity strength for 
handwriting, but not for typewriting are further indicated by solid (<0.0001), dashed (<0.005), and dotted (<0.05) connection lines.
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adults. Participants used a digital pen to write visually presented 
words directly on a touchscreen and used a keyboard to type the 
words. Going beyond our previous study where we  reported 
synchronized theta oscillations in parietal and central brain regions 
when children and students wrote by hand (Askvik et al., 2020), the 
present study performed connectivity analyses on the brain data of 36 
students to explore underlying differences in coherence patterns when 
participants were typing versus writing by hand.

Focusing on brain connectivity that has shown to facilitate 
learning and memory (Pfurtscheller and Lopes da Silva, 1999), 
we investigated parietal and central areas in specific frequency bands. 
These brain areas have been associated with attentional mechanisms 
and cognitive processes in visual perception (Pfurtscheller et al., 1994; 
Vilhelmsen et al., 2019) and language (Brownsett and Wise, 2010; 

Benedek et al., 2014), and have strong links to sensorimotor cortex 
(Velasques et al., 2007). We set out to investigate whether it is actually 
the act of forming the letters by hand itself that brings about larger 
connectivity in the brain, since perceptual, motor, and higher 
cognitive areas are more involved during handwriting as opposed 
to typewriting.

Increased connectivity in theta/alpha range 
for handwriting

The present findings revealed increased connectivity for 
handwriting over typewriting, suggesting that different underlying 
cognitive processes are involved in the two tasks. Increased 

FIGURE 5

The adjacency matrix for handwriting. (A) Hub, nodes, and edges of a simplified theoretical network. (B) Brain connectivity network of handwriting 
compared to typewriting in this experiment. (C) Hubs (in red, ≥ 4 departures/arrivals) and nodes (in black, ≤ 3 departures/arrivals) interacting between 
brain regions PL, PM, PR and CL, CM, CR show widespread theta/alpha connectivity patterns when writing by hand, but not when typing.

FIGURE 4

Symmetric connectivity matrix with t-values (A) and significance Table (B) with significant data clusters in the various sources of interest when 
handwriting is compared to typewriting in all participants. Thirty-two significant cluster differences marked in orange in (A) and fully described in 
(B) were found in the matrix and came out particularly significant in the parietal left (PL), parietal midline (PM), and parietal right (PR) areas.
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connectivity within the theta (3.5–7.5 Hz) and alpha (8–12.5 Hz) 
frequency bands has been linked to mechanisms underlying 
sensorimotor integration (Bland and Oddie, 2001). As increased 
connectivity in the brain was observed only when writing by hand and 
not when simply pressing keys on the keyboard, our findings can 
be taken as evidence that handwriting promotes learning. Interestingly, 
the increased connectivity between the various brain regions seems to 
be linked to the specific sensorimotor processes that are so typical 
in handwriting.

The theta/alpha connectivity patterns found in the present study 
may indicate that different neural networks are involved in 
handwriting and typewriting. Interestingly, whereas connectivity in 
the alpha band is considered highly task-specific and is said to 
correspond to long-term memory performance, theta connectivity 
seems to be related to working memory and the ability to apprehend 
novel information (Klimesch et al., 1994, 1996, 2001; Klimesch, 1999; 
Raghavachari et al., 2001; Clouter et al., 2017). Thus, the enhanced 
brain connectivity for handwriting appears not to be  related to 
differences in muscular involvement. It has also been proposed that 
hippocampal activity is reflected within the theta band (Klimesch 
et al., 1994), adding further support for the benefits of handwriting in 
terms of learning and memory formation.

Lower frequencies are considered especially suited for facilitating 
communication over longer distances in the brain, and are often 
reported to “gate” the occurrence of faster oscillations, for example 
when theta oscillations in humans are proposed to gate gamma (> 
30 Hz) oscillations (Canolty et  al., 2006; Halgren et  al., 2018). In 
general, this theta-to-gamma cross-frequency coupling can be linked 
to gamma networks desynchronizing and theta networks 
synchronizing during encoding, retrieval, and episodic memory 
formation (Burke et  al., 2013). Others have suggested that theta 
connectivity activity (see Figure 3) is positively correlated with a brain 
region’s gamma power, suggesting a potent low-frequency mechanism 
for communication between brain regions (Solomon et al., 2017). 
Exploring these interactions may disclose the relationship between a 
brain region’s functional connectivity and local processing. Our results 
reflect such a low-frequency mechanism for interregional 
communication. Present findings of theta synchrony for handwriting 
suggest that low-frequency connections support the integration of 
information during memory formation, and follow from earlier 
studies that have reported low-frequency entrainment to be essential 
to cognition (Solomon et al., 2017).

The importance of handwriting practice in 
a learning environment

Handwriting requires fine motor control over the fingers, and it 
forces students to pay attention to what they are doing. Typing, on the 
other hand, requires mechanical and repetitive movements that trade 
awareness for speed. Our results reveal that whenever handwriting 
movements are included as a learning strategy, more of the brain gets 
stimulated, resulting in the formation of more complex neural 
network connectivity. It appears that the movements related to 
typewriting do not activate these connectivity networks the same way 
that handwriting does. The concurrent spatiotemporal pattern from 
vision, motor commands, and proprioceptive feedback provided 
through fine hand and finger movements, is lacking in typewriting, 

where only a simple key press is required to produce the entire wanted 
form (Longcamp et al., 2006; James, 2010; Vinci-Booher et al., 2016, 
2021). In the present study, participants only used their right index 
finger for typing to prevent undesired crossover effects between the 
two hemispheres.

Thus, the ongoing substitution of handwriting by typewriting in 
almost every educational setting may seem somewhat misguided as it 
could affect the learning process in a negative way (Alonso, 2015; 
Mangen and Balsvik, 2016; Arnold et al., 2017). The present findings 
suggest that the intricate and precisely controlled handwriting 
movements have a beneficial impact on the brain’s connectivity 
patterns related to learning and remembering. The present study did 
not find evidence of such positive activation patterns when using 
a keyboard.

Even though maintaining handwriting practice in school is 
crucial, it is also important to keep up in the ever-developing 
digital world. Children should receive handwriting training at 
school to learn to write by hand successfully, and, at the same time 
learn to use a keyboard, depending on the task at hand. The present 
study shows that the neural connectivity patterns underlying 
handwriting and typewriting are distinctly different. Hence, being 
aware of when to write by hand or use a digital device is crucial, 
whether it is to take lecture notes to learn new concepts or to write 
longer essays.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and 
approved by the Norwegian Data Protection Services for Research and 
by the Regional Committee for Medical and Health Ethics (Central 
Norway). The participants gave their written informed consent. 
Written informed consent was obtained from the individual(s) for the 
publication of any identifiable images or data included in this article.

Author contributions

FW and AM contributed equally to all aspects of the study. All 
authors contributed to the article and approved the submitted version.

Funding

The APC for this article was covered under one of NTNU's open 
publication agreements.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

https://doi.org/10.3389/fpsyg.2023.1219945
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Van der Weel and Van der Meer 10.3389/fpsyg.2023.1219945

Frontiers in Psychology 08 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Alonso, M. A. P. (2015). Metacognition and sensorimotor components underlying the 

process of handwriting and keyboarding and their impact on learning: an analysis from 
the perspective of embodied psychology. Procedia Soc. Behav. Sci. 176, 263–269. doi: 
10.1016/j.sbspro.2015.01.470

Anderson, M. L. (2014). After phrenology: Neural reuse and the interactive brain. 
Cambridge, MA: MIT Press.

Arnold, K. M., Umanath, S., Thio, K., Reilly, W. B., McDaniel, M. A., and Marsch, E. J. 
(2017). Understanding the cognitive processes involved in writing to learn. J. Exp. 
Psychol. Appl. 23, 115–127. doi: 10.1037/xap0000119

Askvik, E. O., Van der Weel, F. R., and Van der Meer, A. L. H. (2020). The importance 
of cursive handwriting over typewriting for learning in the classroom. Front. Psychol. 
11:1810. doi: 10.3389/fp-syg.2020.01810

Benedek, M., Schickel, R. J., Jauk, E., Fink, A., and Neubauer, A. C. (2014). Alpha 
power increases in right parietal cortex reflects focused internal attention. 
Neuropsychologia 56, 393–400. doi: 10.1016/j.neuropsychologia.2014.02.010

Berens, S. C., and Horner, A. J. (2017). Theta rhythm: temporal glue for episodic 
memory. Curr. Biol. 27, R1110–R1112. doi: 10.1016/j.cub.2017.08.048

Berg, P., and Scherg, M. (1994). A multiple source approach to the correction of eye 
artifacts. Electroencephalogr. Clin. Neurophysiol. 90, 229–241. doi: 
10.1016/0013-4694(94)90094-9

Bland, B. H., and Oddie, S. D. (2001). Theta band oscillations and synchrony in the 
hippocampal formation and associated structures: the case for its role in sensorimotor 
integration. Behav. Brain Res. 127, 119–136. doi: 10.1016/S0166-4328(01)00358-8

Brownsett, S. L., and Wise, R. J. (2010). The contribution of the parietal lobes to 
speaking and writing. Cereb. Cortex 20, 517–523. doi: 10.1093/cercor/bhp120

Bullmore, E., and Sporns, O. (2009). Complex brain networks: graph theoretical 
analysis of structural and functional systems. Nat. Rev. Neurosci. 10, 186–198. doi: 
10.1038/nrn2575

Burke, J. F., Zaghloul, K. A., Jacobs, J., Williams, R. B., Sperling, M. R., Sharan, A. D., 
et al. (2013). Synchronous and asynchronous theta and gamma activity during episodic 
memory formation. J. Neurosci. 33, 292–304. doi: 10.1523/JNEUROSCI.2057-12.2013

Buzsáki, G. (2006). Rhythms of the brain. New York, NY: Oxford University Press.

Canolty, R. T., Edwards, E., Dalal, S. S., Soltani, M., Nagarajan, S. S., Kirsch, H. E., et al. 
(2006). High gamma power is phase-locked to theta oscillations in human neocortex. 
Science 313, 1626–1628. doi: 10.1126/science.1128115

Clouter, A., Shapiro, K. L., and Hanslmayr, S. (2017). Theta phase synchronization is 
the glue that binds human associative memory. Curr. Biol. 27, 3143–3148.e6. doi: 
10.1016/j.cub.2017.09.001

Cunningham, A. E., and Stanovich, K. E. (1990). Early spelling acquisition: writing 
beats the computer. J. Educ. Psychol. 82, 159–162. doi: 10.1037/0022-0663.82.1.159

Edelman, G. M., and Gally, J. A. (2013). Reentry: a key mechanism for integration of 
brain function. Front. Integr. Neurosci. 7:63. doi: 10.3389/fnint.2013.00063

Fears, N. E., and Lockman, J. J. (2018). How beginning handwriting is influenced by 
letter knowledge: visual-motor coordination during children’s form copying. J. Exp. 
Child Psychol. 171, 55–70. doi: 10.1016/j.jecp.2018.01.017

Fröhlich, F. (2016). Network neuroscience. London, UK: Academic Press.

Fujioka, T., Mourad, N., He, C., and Trainor, L. J. (2011). Comparison of artifact 
correction methods for infant EEG applied to extraction of event-related potential 
signals. Clin. Neurophysiol. 122, 43–51. doi: 10.1016/j.clinph.2010.04.036

Halgren, M., Fabó, D., Ulbert, I., Madsen, J. R., Eröss, L., Doyle, W. K., et al. (2018). 
Superficial slow rhythms integrate cortical processing in humans. Sci. Rep. 8:2055. doi: 
10.1038/s41598-018-20662-0

Hoechstetter, K., Bornfleth, H., Weckesser, D., Ille, N., Berg, P., and Scherg, M. (2004). 
BESA source coherence: a new method to study cortical oscillatory coupling. Brain 
Topogr. 16, 233–238. doi: 10.1023/B:BRAT.0000032857.55223.5d

Hultin, E., and Westman, M. (2013). Early literacy practices go digital. Lit. Inf. 
Comput. Educ. J. 4, 1096–1104. doi: 10.20533/licej.2040.2589.2013.0145

Ille, N., Berg, P., and Scherg, M. (2002). Artifact correction of the ongoing EEG using 
spatial filters based on artifact and brain signal topographies. J. Clin. Neurophysiol. 19, 
113–124. doi: 10.1097/00004691-200203000-00002

James, K. H. (2010). Sensori-motor experience leads to changes in visual processing 
in the developing brain. Dev. Sci. 13, 279–288. doi: 10.1111/j.1467-7687.2009.00883.x

Kiefer, M., Schuler, S., Mayer, C., Trumpp, N. M., Hille, K., and Sachse, S. (2015). 
Handwriting or typewriting? The influence of pen- or keyboard-based writing training 
on reading and writing performance in preschool children. Adv.Cogn. Psychol. 11, 
136–146. doi: 10.5709/acp-0178-7

Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and memory 
performance: a review and analysis. Brain Res. Rev. 29, 169–195. doi: 10.1016/
S0165-0173(98)00056-3

Klimesch, W., Doppelmayr, M., Yonelinas, A., Kroll, N. E., Lazzara, M., Röhm, D., 
et al. (2001). Theta synchronization during episodic retrieval: neural correlates of 
conscious awareness. Cogn. Brain Res. 12, 33–38. doi: 10.1016/
S0926-6410(01)00024-6

Klimesch, W., Schimke, H., Doppelmayr, M., Ripper, B., Schwaiger, J., and 
Pfurtscheller, G. (1996). Event-related desynchronization (ERD) and the Dm-effect: 
does alpha desynchronization during encoding predict later recall performance? Int. J. 
Psychophysiol. 24, 47–60. doi: 10.1016/S0167-8760(96)00054-2

Klimesch, W., Schimke, H., and Schwaiger, J. (1994). Episodic and semantic memory: 
an analysis in the EEG theta and alpha band. Electroencephalogr. Clin. Neurophysiol. 91, 
428–441. doi: 10.1016/0013-4694(94)90164-3

Li, J. X., and James, K. H. (2016). Handwriting generates variable visual output to 
facilitate symbol learning. J. Exp. Psychol. Gen. 145, 298–313. doi: 10.1037/xge0000134

Longcamp, M., Boucard, C., Gilhodes, J. C., and Anton, J. L. (2008). Learning through 
hand- or typewriting influences visual recognition of new graphic shapes: behavioral 
and functional imaging evidence. J. Cogn. Neurosci. 20, 802–815. doi: 10.1162/
jocn.2008.20504

Longcamp, M., Boucard, C., Gilhodes, J. C., and Velay, J. L. (2006). Remembering the 
orientation of newly learned characters depends on the associated writing knowledge: 
a comparison between handwriting and typing. Hum. Mov. Sci. 25, 646–656. doi: 
10.1016/j.humov.2006.07.007

Longcamp, M., Zerbato-Poudou, M. T., and Velay, J. L. (2005). The influence of writing 
practice on letter recognition in preschool children: a comparison between handwriting 
and typing. Acta Psychol. 119, 67–79. doi: 10.1016/j.actpsy.2004.10.019

Lopes da Silva, F. H. (1991). Neural mechanisms underlying brain waves: from neural 
membranes to networks. Electroencephalogr. Clin. Neurophysiol. 79, 81–93. doi: 
10.1016/0013-4694(91)90044-5

Mangen, A., and Balsvik, L. (2016). Pen or keyboard in beginning writing instruction? 
Some perspectives from embodied cognition. Trends Neurosci. Educ. 5, 99–106. doi: 
10.1016/j.tine.2016.06.003

Mueller, P. A., and Oppenheimer, D. M. (2014). The pen is mightier than the keyboard: 
advantages of longhand over laptop note taking. Psychol. Sci. 25, 1159–1168. doi: 
10.1177/0956797614524581

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh 
inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4

Osugi, K., Ihara, A. S., Nakajima, K., Kake, A., Ishimaru, K., Yokota, Y., et al. (2019). 
Differences in brain activity after learning with the use of a digital pen vs. an ink pen: 
an electroencephalography study. Front. Hum. Neurosci. 13:275. doi: 10.3389/
fnhum.2019.00275

Patterson, R. W., and Patterson, R. M. (2017). Computers and productivity: evidence 
from laptop use in the college classroom. Econ. Educ. Rev. 57, 66–79. doi: 10.1016/j.
econedurev.2017.02.004

Pei, L., Longcamp, M., Leung, F. K.-S., and Ouyang, G. (2021). Temporally resolved 
neural dynamics underlying handwriting. NeuroImage 244:118578. doi: 10.1016/j.
neuroimage.2021.118578

Perrin, F., Pernier, J., Bertrand, O., and Echallier, J. F. (1989). Spherical splines for scalp 
potential and current density mapping. Electroencephalogr. Clin. Neurophysiol. 72, 
184–187. doi: 10.1016/0013-4694(89)90180-6

Pfurtscheller, G., and Aranibar, A. (1977). Event-related cortical desynchronization 
detected by power measurements of scalp EEG. Electroencephalogr. Clin. Neurophysiol. 
42, 817–826. doi: 10.1016/0013-4694(77)90235-8

Pfurtscheller, G., and Lopes da Silva, F. H. (1999). Event-related EEG/MEG 
synchronization and desynchronization: basic principles. Clin. Neurophysiol. 110, 
1842–1857. doi: 10.1016/S1388-2457(99)00141-8

Pfurtscheller, G., Neuper, C., and Mohl, W. (1994). Event-related desynchronization 
(ERD) during visual processing. Int. J. Psychophysiol. 16, 147–153. doi: 
10.1016/0167-8760(89)90041-x

https://doi.org/10.3389/fpsyg.2023.1219945
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1016/j.sbspro.2015.01.470
https://doi.org/10.1037/xap0000119
https://doi.org/10.3389/fp-syg.2020.01810
https://doi.org/10.1016/j.neuropsychologia.2014.02.010
https://doi.org/10.1016/j.cub.2017.08.048
https://doi.org/10.1016/0013-4694(94)90094-9
https://doi.org/10.1016/S0166-4328(01)00358-8
https://doi.org/10.1093/cercor/bhp120
https://doi.org/10.1038/nrn2575
https://doi.org/10.1523/JNEUROSCI.2057-12.2013
https://doi.org/10.1126/science.1128115
https://doi.org/10.1016/j.cub.2017.09.001
https://doi.org/10.1037/0022-0663.82.1.159
https://doi.org/10.3389/fnint.2013.00063
https://doi.org/10.1016/j.jecp.2018.01.017
https://doi.org/10.1016/j.clinph.2010.04.036
https://doi.org/10.1038/s41598-018-20662-0
https://doi.org/10.1023/B:BRAT.0000032857.55223.5d
https://doi.org/10.20533/licej.2040.2589.2013.0145
https://doi.org/10.1097/00004691-200203000-00002
https://doi.org/10.1111/j.1467-7687.2009.00883.x
https://doi.org/10.5709/acp-0178-7
https://doi.org/10.1016/S0165-0173(98)00056-3
https://doi.org/10.1016/S0165-0173(98)00056-3
https://doi.org/10.1016/S0926-6410(01)00024-6
https://doi.org/10.1016/S0926-6410(01)00024-6
https://doi.org/10.1016/S0167-8760(96)00054-2
https://doi.org/10.1016/0013-4694(94)90164-3
https://doi.org/10.1037/xge0000134
https://doi.org/10.1162/jocn.2008.20504
https://doi.org/10.1162/jocn.2008.20504
https://doi.org/10.1016/j.humov.2006.07.007
https://doi.org/10.1016/j.actpsy.2004.10.019
https://doi.org/10.1016/0013-4694(91)90044-5
https://doi.org/10.1016/j.tine.2016.06.003
https://doi.org/10.1177/0956797614524581
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.3389/fnhum.2019.00275
https://doi.org/10.3389/fnhum.2019.00275
https://doi.org/10.1016/j.econedurev.2017.02.004
https://doi.org/10.1016/j.econedurev.2017.02.004
https://doi.org/10.1016/j.neuroimage.2021.118578
https://doi.org/10.1016/j.neuroimage.2021.118578
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1016/0013-4694(77)90235-8
https://doi.org/10.1016/S1388-2457(99)00141-8
https://doi.org/10.1016/0167-8760(89)90041-x


Van der Weel and Van der Meer 10.3389/fpsyg.2023.1219945

Frontiers in Psychology 09 frontiersin.org

Pfurtscheller, G., Stancak, A. J., and Neuper, C. (1996). Event-related synchronization 
(ERS) in the alpha band - an electrophysiological correlate of cortical idling: a review. 
Int. J. Psychophysiol. 24, 39–46. doi: 10.1016/S0167-8760(96)00066-9

Picton, T. W., Bentin, S., Berg, P., Donchin, E., Hillyard, S. A., Johnson, R. J., et al. 
(2000). Guidelines for using human event-related potentials to study cognition: 
recording standards and publication criteria. Psychophysiology 37, 127–152. doi: 
10.1111/1469-8986.3720127

Raghavachari, S., Kahana, M. J., Rizzuto, D. S., Caplan, J. B., Kirschen, M. P., 
Bourgeois, B., et al. (2001). Gating of human theta oscillations by a working memory 
task. J. Neurosci. 21, 3175–3183. doi: 10.1523/jneurosci.21-09-03175.2001

Rosenberg, J. R., Amjad, A. M., Breeze, P., Brillinger, D. R., and Halliday, D. M. (1989). 
The fourier approach to the identification of functional coupling between neuronal spike 
trains. Prog. Biophys. Mol. Biol. 53, 1–31. doi: 10.1016/0079-6107(89)90004-7

Salmelin, R., and Hari, R. (1994). Spatiotemporal characteristics of sensorimotor 
neuromagnetic rhythms related to thumb movement. Neuroscience 60, 537–550. doi: 
10.1016/0306-4522(94)90263-1

Scherg, M., and Berg, P. (1991). Use of prior knowledge in brain electromagnetic 
source analysis. Brain Topogr. 4, 143–150. doi: 10.1007/BF01132771

Simes, R. J. (1986). An improved Bonferroni procedure for multiple tests of 
significance. Biometrica 73, 751–754. doi: 10.1093/biomet/73.3.751

Singer, W. (1993). Synchronization of cortical activity and its putative role in 
information processing and learning. Annu. Rev. Physiol. 55, 349–374. doi: 10.1146/
annurev.ph.55.030193.002025

Smoker, T. J., Murphy, C. E., and Rockwell, A. K. (2009). Comparing memory for 
handwriting versus typing. Proc. Hum. Factors Ergon. Soc. Annu. Meet. 53, 1744–1747. 
doi: 10.1518/107118109X12524444081755

Solomon, E. A., Kragel, J. E., Sperling, M. R., Sharan, A., Worrell, G., Kucewicz, M., 
et al. (2017). Widespread theta synchrony and high-frequency desynchronization 
underlies enhanced cognition. Nat. Commun. 8:1704. doi: 10.1038/s41467-017-01763-2

Tucker, D. M., Liotti, M., Potts, G. F., Russell, G. S., and Posner, M. I. (1994). 
Spatiotemporal analysis of brain electrical fields. Hum. Brain Mapp. 1, 134–152. doi: 
10.1002/hbm.460010206

Van der Meer, A. L. H., and Van der Weel, F. R. (2017). Only three fingers write, but 
the whole brain works: a high-density EEG study showing advantages of drawing over 
typing for learning. Front. Psychol. 8:706. doi: 10.3389/fpsyg.2017.00706

Van der Weel, F. R., Agyei, S. B., and Van der Meer, A. L. H. (2019). Infants’ brain 
responses to looming danger: degeneracy of neural connectivity patterns. Ecol. Psychol. 
31, 182–197. doi: 10.1080/10407413.2019.1615210

Velasques, B., Machado, S., Portella, C. E., Silva, J. G., Basile, L. F. H., Cagy, M., et al. 
(2007). Electrophysiological analysis of a sensorimotor integration task. Neurosci. Lett. 
426, 155–159. doi: 10.1016/j.neulet.2007.08.061

Vilhelmsen, K., Agyei, S. B., Van der Weel, F. R., and Van der Meer, A. L. H. (2019). A 
high-density EEG study of differentiation between two speeds and directions of 
simulated optic flow in adults and infants. Psychophysiology 56:e13281. doi: 10.1111/
psyp.13281

Vinci-Booher, S., James, T. W., and James, K. H. (2016). Visual-motor functional 
connectivity in preschool children emerges after handwriting experience. Trends 
Neurosci. Educ. 5, 107–120. doi: 10.1016/j.tine.2016.07.006

Vinci-Booher, S., James, T. W., and James, K. H. (2021). Visual-motor contingency 
during symbol production contributes to short term changes in the functional 
connectivity during symbol perception and long-term gains in symbol recognition. 
NeuroImage 227, 1–14. doi: 10.1016/j.neuroimage.2020.117554

https://doi.org/10.3389/fpsyg.2023.1219945
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1016/S0167-8760(96)00066-9
https://doi.org/10.1111/1469-8986.3720127
https://doi.org/10.1523/jneurosci.21-09-03175.2001
https://doi.org/10.1016/0079-6107(89)90004-7
https://doi.org/10.1016/0306-4522(94)90263-1
https://doi.org/10.1007/BF01132771
https://doi.org/10.1093/biomet/73.3.751
https://doi.org/10.1146/annurev.ph.55.030193.002025
https://doi.org/10.1146/annurev.ph.55.030193.002025
https://doi.org/10.1518/107118109X12524444081755
https://doi.org/10.1038/s41467-017-01763-2
https://doi.org/10.1002/hbm.460010206
https://doi.org/10.3389/fpsyg.2017.00706
https://doi.org/10.1080/10407413.2019.1615210
https://doi.org/10.1016/j.neulet.2007.08.061
https://doi.org/10.1111/psyp.13281
https://doi.org/10.1111/psyp.13281
https://doi.org/10.1016/j.tine.2016.07.006
https://doi.org/10.1016/j.neuroimage.2020.117554

	Handwriting but not typewriting leads to widespread brain connectivity: a high-density EEG study with implications for the classroom
	Introduction
	Methods
	Participants
	Experimental stimuli and EEG data acquisition
	Procedure
	Brain data pre-analyses
	Statistical analyses

	Results
	The connectivity matrix of writing over typing
	Main statistical effects
	Network measures

	General discussion
	Increased connectivity in theta/alpha range for handwriting
	The importance of handwriting practice in a learning environment

	Data availability statement
	Ethics statement
	Author contributions

	References

