
Neuropsychologia 159 (2021) 107924

Available online 25 June 2021
0028-3932/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

The time course of processing handwritten words: An ERP investigation☆ 

Marta Vergara-Martínez a,*, Eva Gutierrez-Sigut b, Manuel Perea a,c,d, Cristina Gil-López e, 
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A B S T R A C T   

Behavioral studies have shown that the legibility of handwritten script hinders visual word recognition. 
Furthermore, when compared with printed words, lexical effects (e.g., word-frequency effect) are magnified for 
less intelligible (difficult) handwriting (Barnhart and Goldinger, 2010; Perea et al., 2016). This boost has been 
interpreted in terms of greater influence of top-down mechanisms during visual word recognition. In the present 
experiment, we registered the participants’ ERPs to uncover top-down processing effects on early perceptual 
encoding. Participants’ behavioral and EEG responses were recorded to high- and low-frequency words that 
varied in script’s legibility (printed, easy handwritten, difficult handwritten) in a lexical decision experiment. 
Behavioral results replicated previous findings: word-frequency effects were larger in difficult handwriting than 
in easy handwritten or printed conditions. Critically, the ERP data showed an early effect of word-frequency in 
the N170 that was restricted to the difficult-to-read handwritten condition. These results are interpreted in terms 
of increased attentional deployment when the bottom-up signal is weak (difficult handwritten stimuli). This 
attentional boost would enhance top-down effects (e.g., lexical effects) in the early stages of visual word 
processing.   

1. Introduction 

While expert readers can quickly and accurately encode words when 
printed in a standard font, the scenario is very different when we 
encounter a shabbily handwritten word (e.g., compare surprise to 

) (see Grainger, 2018; Grainger and Dufau, 2012, for re-

views of the front-end of visual word recognition). As a matter of fact, in 
the pre-digital era, we often struggled to decipher what our doctor wrote 
in a medical prescription. Assuming that writing illegibility was not a 
deliberate decision to confuse the patients, a source of confusion comes 
from most of us being unfamiliar with medical terms: we lack any 
top-down feedback to help stimulus disambiguation. What is the 

empirical evidence in support of this claim? As first suggested by Manso 
de Zuniga et al. (1991), the natural physical ambiguity of handwritten 
words may require greater reliance on top-down processes. Indeed, in a 
series of behavioral experiments (lexical decision, naming), Barnhart 
and Goldinger (2010) found that variables that reflect top-down pro-
cessing as word-frequency and semantic imageability exerted a greater 
impact on the processing of handwritten than on printed words. Simi-
larly, Perea et al. (2016) reported larger effects of word-frequency in 
lexical decision tasks when handwritten words are difficult to read (e.g., 

[time]) compared to easier-to-read handwritten words (e. 

g. ) or printed words (tiempo). These findings were 
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E-mail address: Marta.Vergara@uv.es (M. Vergara-Martínez).  

Contents lists available at ScienceDirect 

Neuropsychologia 

journal homepage: www.elsevier.com/locate/neuropsychologia 

https://doi.org/10.1016/j.neuropsychologia.2021.107924 
Received 7 April 2021; Received in revised form 21 June 2021; Accepted 22 June 2021   

mailto:Marta.Vergara@uv.es
www.sciencedirect.com/science/journal/00283932
https://www.elsevier.com/locate/neuropsychologia
https://doi.org/10.1016/j.neuropsychologia.2021.107924
https://doi.org/10.1016/j.neuropsychologia.2021.107924
https://doi.org/10.1016/j.neuropsychologia.2021.107924
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuropsychologia.2021.107924&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neuropsychologia 159 (2021) 107924

2

interpreted in terms of the balance of bottom-up and top-down activity 
in fully interactive visual word recognition models (see Carreiras et al., 
2014): stronger bottom-up signals (perceptually unambiguous stimuli) 
would reach their recognition threshold in a fast forward manner. In 
contrast, when the handwriting is smeary, the bottom-up signal is weak 
(perceptually ambiguous stimuli), and top-down processes would exert a 
greater influence. However, none of the above experiments examined 
the time-course of bottom-up and top-down processes during the 
recognition of handwritten words. 

The main aim of the present experiment was to track down the time- 
course of the alleged cognitive mechanisms of top-down lexical feedback 
(as inferred from the word-frequency effect) when reading handwritten 
words. To characterize the timeline of the interaction between word- 
frequency and script (printed vs. handwritten) reported in behavioral 
measures, we registered both behavioral data (response times, accuracy) 
and event-related potentials (ERPs)—note that ERPs allow for an 
exquisite time-course tracking of lexical access (see Dufau et al., 2015; 
Grainger, 2018; Grainger and Holcomb, 2009; Vergara-Martínez et al., 
2009; Vergara-Martínez et al., 2013). In the following lines, we first 
review some relevant background on the neural correlates of hand-
written word processing, along with previous research on the interaction 
between the surface form of a word and word-frequency in the ERP 
literature in lexical decision. Next, we will introduce the experiment 
along with the predictions. 

In an attempt to address the neuroanatomical signature of the pro-
cessing of handwritten words, Qiao et al. (2010) conducted a semantic 
categorization fMRI experiment with easy handwritten 

( ), difficult handwritten ( ), and prin-

ted (alliance) words. This manipulation allowed them to examine which 
brain areas showed a common response to all formats and which brain 
areas showed specific responses to handwritten or printed word pro-
cessing. Qiao et al. (2010) found that, similar to printed stimuli, the 
recognition of handwritten words relied on the left ventral occipito-
temporal cortex (i.e., visual word form area; henceforth VWFA). While 
the same ventral areas were activated irrespective of word format, 
difficult handwritten words activated the ventral stream to a larger 
degree than printed words and easy handwritten words. The difference 
in the strength of activation of the VWFA between difficult handwritten 
words and printed words was interpreted in terms of the larger 
perceptual processing demands of the most unfamiliar visually ambig-
uous stimuli. More importantly, for the difficult handwritten words, 
Qiao et al. (2010) found additional activation in a bilateral frontopar-
ietal network. This finding was interpreted as reflecting the deployment 
of attentional resources to disambiguate difficult handwritten characters 
(i.e., an attentional amplification of reading pathways under the control 
of dorsal cortex). This explanation is consistent with the increase in the 
activation of parietal regions when reading words in a nonstandard 
format (e.g., rotated words; words displaced to visual periphery) re-
ported by Cohen et al. (2008; see Mayall et al., 2001; Pammer et al., 
2006, for similar findings). Taken together, these findings may be 
interpreted as a result of switching from an automatic word identifica-
tion process to an attention-based reading strategy. 

The key question in the present experiment is whether the larger 
effects of word-frequency observed for the difficult handwritten stimuli 
in lexical decision tasks (Barnhart and Goldinger, 2010; Manso De 
Zuniga et al., 1991; Perea et al., 2016) is related to the attentional 
amplification of the reading pathways during visual word recognition of 
handwritten stimuli (Qiao et al., 2010). In other words, we examined 
whether the lexical information that allegedly helps to resolve the am-
biguity of the visual stimulus via top-down mechanisms (attentional 
boost) operates very early during low-level decoding in the VWFA. 
Whether the VWFA is sensitive to lexical factors is part of an intense 
debate between feedforward vs. fully interactive models of visual word 
recognition. Whereas the feedforward approach states that the VWFA 

activation mainly reflects orthographic processing (i.e., computation of 
abstract letter strings, Dehaene et al., 2001, 2002), there is evidence 
suggesting that orthographic processing in the VWFA can be modulated 
by higher-level factors such as word-frequency (Kronbichler et al., 2004; 
Price and Devlin, 2011; Whaley et al., 2016; see also Carreiras et al., 
2014, for a review). The fine temporal resolution of electrophysiological 
measures such as ERPs can help elucidate whether there is a fast 
engagement of higher-level variables during visual word recognition of 
highly ambiguous stimuli (difficult handwritten words)—note that Qiao 
et al. (2010), Cohen et al. (2008) and Kronbichler et al. (2004) used 
fMRI. Hence, the present ERP experiment was designed to examine the 
electrophysiological signature of the increased word-frequency effects 
on handwritten words with a focus on the early stages of visual word 
processing. 

To the best of our knowledge, this is the first study to investigate the 
EEG counterpart of top-down feedback on the processing of handwritten 
words. There have been, however, several ERP studies that, using 
printed (easily identifiable) letters, have examined the interaction be-
tween lower-level processing factors (e.g., letter case) and higher-level 
processing factors (e.g., word-frequency). In a lexical decision ERP 
experiment, Lien et al. (2012) analyzed the dynamics of letter-case 
mixing (nUcLeAr) and word-frequency. They found non-interactive ef-
fects of letter-case mixing and word-frequency in two ERPs typically 
associated to different stages in visual word recognition: the N170 and 
the P300. While the N170 was sensitive to case-mixing, word-frequency 
only modulated the later P300. First, the temporal-occipital N170 in the 
context of visual word recognition is an electrophysiological marker of 
visual expertise lateralized in the left hemisphere, which shows 
enhanced amplitudes for letter strings compared to non-linguistic con-
trol stimuli (Bentin et al., 1999; Maurer et al., 2005b; Rossion et al., 
2003). Second, the P300 is considered a measure of stimulus classifi-
cation in response selection (Luck, 1998) that reflects post-lexical 
categorization. The dissociation between letter case-mixing and 
word-frequency ERP effects observed by Lien et al. (2012) is in line with 
recent evidence (Vergara-Martínez et al., 2020b) on the interrelation 
between letter case and word-frequency in visual word recognition. 
Vergara-Martínez et al. (2020b) presented participants with lowercase 
and uppercase versions of words of different frequency (as well as 
nonwords) in a lexical decision ERP experiment, and found dissociable 
effects of letter-case and word-frequency both in the behavioral and ERP 
measures. While letter-case impacted early perceptual stages of visual 
word processing (N/P150) in the Vergara-Martínez et al. (2020b) 
experiment, word-frequency effects emerged around 250 ms post stim-
uli, and no interaction was observed between both factors in none of the 
ERP components under study. Taken together, the findings from Lien 
et al. (2012) and Vergara-Martinez et al. (2020b) suggest that these 
versions (MiXeD case or UPPERCASE versions) of printed stimuli require 
some additional attentional involvement in the early encoding stages, 
which would disrupt the normal time-course of visual word recognition 
(see Mayall et al., 2001). However, and more important for the aim of 
the present study, the absence of word-frequency effects in the earliest 
ERP components (N170, N/P150) would indicate that top-down lexical 
information was not crucial during the encoding stage (at least when 
using printed letters that were easily identified). 

Notwithstanding, the nature of handwritten stimuli allows for pre-
dicting a greater involvement of top-down lexical factors to help map-
ping the handwritten stimuli onto stable, abstract, representations. 
Handwritten words differ from printed words in a number of parameters 
which tax their legibility (word-form geometric structure, certain lack of 
physical demarcation between letters, intra-variability in the shape of 
letters across words). Indeed, Vinckier et al. (2006) suggested that 
handwritten stimuli might exceed the capacity of the ventral stream for 
perceptual invariance, leading to the additional intervention of dorsal 
parietal regions (attentional-based reading). Accordingly, previous 
behavioral evidence of handwritten processing revealed larger effects of 
word-frequency for the difficult handwritten compared to the easy 
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handwritten and printed versions of words (Perea et al., 2016). In 
contrast, Lien et al. (2012) and Vergara-Martínez et al. (2020b) obtained 
additive effects of letter case and word-frequency (both in the behav-
ioral and in the ERP measures). 

Thus, in the present experiment, we analyzed the electrophysiolog-
ical signature of handwritten word processing to assess whether top- 
down lexical feedback (word-frequency effect) percolates into the 
early perceptual decoding stages. To do so, we presented words of high- 
and low-frequency and nonwords in an ERP lexical decision task. The 
stimuli could be presented in handwriting (either difficult-to-read or 
easy-to-read) or as printed stimuli. If lexical information helps to resolve 
the ambiguity of the visual stimulus via top-down attentional boost, we 
expect to observe differential effects of word-frequency in the ERP re-
sponses for the most ambiguous stimuli (difficult handwritten). More 
specifically, if the attentional amplification of the reading pathways 
already initiates during the encoding stages of the difficult handwritten 
stimuli, we predict to obtain differential effects of word-frequency early 
in the processing of difficult handwritten stimuli, possibly in an early 
ERP component as the N170. Note that the neuronal origin of the N170 
has been related to the left occipital-temporal regions (Allison et al., 
1994; Maurer et al., 2005b) or VWFA (Cohen and Dehaene, 2004), the 
brain area reported to over-respond to difficult handwritten words in the 
Qiao et al. (2010) study. Instead, if the attentional amplification of the 
reading pathways does not flow down into the earliest perceptual pro-
cessing stages of handwritten word recognition, we would expect dif-
ferential effects of word-frequency for difficult handwritten stimuli in 
later stages of word processing. This outcome would indicate that the 
attention-based reading strategies for handwritten stimuli that operate 
in very low-level decoding stages, are impervious to lexical access. In 
sum, in either scenario, the timeline of the differences in the latency 
and/or magnitude of the word-frequency effect across scripts will pro-
vide highly useful information on the earliest availability of top-down 
lexical feedback. 

2. Method 

Participants. Twenty-eight students (graduate or undergraduate) of 
the University of Valencia participated in the experiment in exchange 
for a small gift or course credit. All of them were native Spanish 
speakers, with no history of neurological or psychiatric disorder, and 
with normal (or corrected-to-normal) vision. Data from 8 participants 
were discarded due to tiredness and/or excessive artifacts in the EEG 
recording. The ages of the remaining 20 participants (15 women) ranged 
from 17 to 31 years (M = 22.9, SD = 3.9). All participants were right- 
handed, as assessed with an abridged Spanish version of the Edin-
burgh Handedness Inventory (Oldfield, 1971). All participants gave 
informed consent before the experiment. The research was approved by 
the Research Ethics Committee of the University of València and was in 
accordance with the declaration of Helsinki. 

Materials. A sample of 312 Spanish words and 312 nonwords of five 
and six letters were selected from the stimuli used in the Perea et al. 
(2016) study (see Perea et al., 2016, Experiment 1, for detailed infor-
mation on the stimuli). Half of the words were of high-frequency (M =
154.5 per million), and the other half were of low-frequency (M = 4.7 
per million). The two sets of words were matched across a number of 

relevant psycholinguistic variables: Orthographic Neighborhood, 
Bigram Frequency, Concreteness, and Imageability (see Table 1). The 
list of words and nonwords is presented in Appendix A. 

As detailed in Perea et al. (2016), three versions were created for 
each stimulus: one in the printed format (lowercase 24-pt Century 
non-monospaced: puñal [dagger]), one in an easy-to-read handwritten 

format ( ; from now on: "easy handwritten") and one in the 

difficult-to-read handwritten format ( ; from now on "difficult 

handwritten"). Note that the handwritten stimuli were scaled to match 
the dimensions of the printed stimuli as much as possible. Three coun-
terbalanced lists were created in a Latin square manner so that each 
target stimulus was rotated across the different conditions. Different 
participants were randomly assigned to each list. Each list included 312 
words (156 words of high-frequency and 156 words of low-frequency; 
52 in each script format) and 312 nonwords (104 in each script format). 

Procedure. Participants were seated comfortably in a dimly lit and 
sound-attenuated chamber. All stimuli were presented on a high- 
resolution monitor (1280 x 1024; 60 Hz) that was positioned at eye 
level at 70 cm from the participant. The stimuli were displayed in white 
against a dark-gray background and each character subtended about 
0.4◦ of visual angle in height and 0.6◦ in width. Participants performed a 
lexical decision task: they were instructed to decide as accurately and 
rapidly as possible whether the stimulus was a Spanish word or not. 
They pressed one of two response buttons (ŚI [YES] and NO). The hand 
used for each type of response was counterbalanced across subjects. 
Reaction Times (RTs) were measured from stimulus onset until the 
participants’ response. The sequence of events in each trial was as fol-
lows: a fixation cross ("+") appeared in the center of the screen for 800 
ms followed by a 100 ms blank screen which was replaced by a stimulus 
word or nonword that remained on the computer screen for 500 ms. 
Participants could respond from the onset of the stimulus up to a 
maximum deadline of 2000 ms. Following participant response, a blank 
screen of random duration (either 500, 700 or 900 ms) was presented. 
Twelve practice trials preceded the experimental session, divided into 3 
blocks (of approximately 200 trials each) separated by a 5-min break for 
resting and impedance checking. Along with the session, there were 
brief 10-sec breaks every 60 trials. To minimize subject-generated arti-
facts in the EEG signal during the presentation of the words/nonwords, 
participants were asked to refrain from blinking and eye movements 
from the onset of the fixation cross to the response. Each participant saw 
the words/nonwords in a different random order. The whole experi-
mental session lasted approximately 35 min, excluding the EEG setup. 

EEG recording and analyses. The electroencephalogram (EEG) was 
recorded from 29 Ag/AgCl electrodes mounted in an elastic cap 
(EASYCAP GmbH, Herrsching, Germany) according to the 10/20 sys-
tem, which were referenced to the right mastoid and re-referenced off- 
line to the averaged signal from two electrodes placed on the left and 
right mastoids. Eye movements and blinks were monitored with elec-
trodes placed on the right lower and upper orbital ridge and on the left 
and right external canthi. The EEG recording was amplified and band-
pass filtered between 0.01 and 100 Hz with a sample rate of 250 Hz by a 
BrainAmp (Brain Products, GmbH, Gilching, Germany) amplifier. Im-
pedances were kept below 5 KΩ. An off-line bandpass filter between 

Table 1 
Mean values of Psycholinguistic Characteristics of words across conditions (SDs in brackets) as provided in the B-Pal Spanish database (Davis and Perea, 2005).        

Mean log Bigram Freq  

# letters LexEsp Freqa. Nb imageabilityc concretenessc Words Nonwords  

HF words 5.5 154.4 (11.4) 3.0 (2.8) 5 (1.2) 4.6 (1.05) 2.7 (0.2) 2.3 (.4)  
LF words 5.5 4.7 (1.2) 3.2 (3.3) 5.4 (0.9) 5.5 (0.7) 2.4 (0.3) 2.3 (0.3)   

a Frequency per million. 
b Orthographic Neighbors. 
c Range: 1–7. 
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0.01 and 20 Hz was applied to the EEG signal. All single-trial waveforms 
(700 ms epochs with a 100 ms pre-stimulus baseline) were screened 
offline for amplifier blocking, drift, muscle artifact, eye movements, and 
blinks, through a semiautomatic data inspection procedure applied to 
the complete set of channels for each participant. Trials containing ar-
tifacts or/and incorrect responses were not included in the average 
ERPs. This led to an average rejection rate of 10.5% of all trials (4.2% 
due to artifact rejection; 6.3% due to incorrect responses). A minimum 
of 32 trials were included for each condition in the average ERP data 
from each participant (mean of the averaged number trials per condition 
across participants: M = 46, SD = 4.8). ERPs were averaged separately 
for each of the experimental conditions, each of the subjects, and each of 
the electrode sites. 

As our main interest was on the earliest latency of the word- 
frequency effect (N170), we first identified the electrode sites with the 
maximum grand averaged N170 amplitude (125–225 ms) across all 
conditions. This led to the selection of two channel groups encompassing 
left occipital-temporal (T7, CP5, P3, P7 and O1) and the corresponding 
right occipital-temporal electrodes (T8, CP6, P4, P8 and O2). We per-
formed onset latency analyses on the ERP data over these electrodes to 
assess the effects of word-frequency and its interaction with script on the 
N170 and further on. To correct for multiple comparisons, we used the 
Mass Univariate ERP toolbox (Groppe et al., 2011). To assess the 
interaction between word-frequency and script, running t-tests were 
applied at every sampling point (4 ms) for the 125–650 ms epoch on 2 x 
2 level interactions that included Word-Frequency (High, Low) and 
either Script-easy (Printed, Easy handwritten) or Script-difficult (Prin-
ted, Difficult handwritten) by inputting the difference of the difference 
waves in the Mass Univariate ERP toolbox (see Gutierrez-Sigut et al., 
2019 for a similar procedure). To address simple comparisons, we then 
performed the running t-tests between low- and high word-frequency 
conditions for each script. 

3. Results 

3.1. Behavioral results 

In the latency analyses, we excluded the RTs shorter than 250 ms (0 
observations in word trials; 1 observation in nonword trials) and the 
incorrect responses (6.3% of word trials and 7.5% of nonword trials). 
The mean RTs and accuracy rates per condition are displayed in Table 2. 
For the inferential analyses, we created generalized linear mixed effects 
in R with the lmer package (Bates et al., 2015). The fixed factors were 
Word-Frequency (encoded as − 0.5 and 0.5 for the high- and 
low-frequency words, respectively) and Script (where the printed format 
was the reference for the easy handwritten and difficult handwritten 
script). We chose the most complex model that converged in terms of 
random effects intercepts and slopes. In the model based on latency data, 
we chose the Gamma distribution to avoid the interpretive issues of 
non-linear transformations in factorial designs. In the model based on 
the accuracy data, we chose the binomial distribution. 

Response time analyses. Responses were faster for high-than for 
low-frequency words (b = 55.514, SE = 5.421, t = 10.240, p < .001). 
With respect to the printed vs. easy handwritten comparisons, responses 

were faster for printed than for easy handwritten words (b = 26.172, SE 
= 4.407, t = 5.939, p < .001). Importantly, the word-frequency effect 
was similar for the printed and the easy handwritten words (53 vs 55 ms; 
interaction: b = − 0.6298, SE = 4.103, t = − 0.153, p = .878). Regarding 
the printed vs. difficult handwritten comparison, responses were faster 
for printed than for difficult handwritten words (b = 47.843, SE =
5.5518, t = 8.618, p < .001). More importantly, the word-frequency 
effect was smaller for the printed than the difficult handwritten condi-
tion (53 vs 73 ms; interaction: b = 23.286, SE = 8.5491, t = 2.724, p =
.006). 

Accuracy analyses. Responses were more accurate for high-than for 
low-frequency words (b = − 1.8254, SE = 0.3656, z = − 4.994, p < .001). 
With respect to the printed vs. easy handwritten comparisons, neither 
the printed vs. easy handwritten contrast nor its interaction with word- 
frequency approached significance (all |zs| < 1.45, all ps > .14). 
Regarding the printed vs. difficult handwritten comparisons, responses 
were more accurate for printed than for difficult handwritten words (b 
= − 1.5447, SE = 0.4352, z = − 3.549, p < .001). The interaction be-
tween script (printed vs. difficult handwritten comparison) and word- 
frequency went in the same direction as in the latency data, but it was 
not significant (b = 0.4681, SE = 0.4080, z = 1.147, p = .251). 

Although informative, mean RTs in the lexical decision task repre-
sent the sum of different operations applied to sensory information, 
cognitive processing and motor execution. Unfortunately, they do not 
allow to address the specific stage(s) at which experimental effects 
might impact. Notably, the analyses of the RT distributions allow us to 
distinguish whether the locus of the effect taps onto encoding and/or 
evidence accumulation processes in lexical decision. To further examine 
the effect of word-frequency on word recognition times in each script, 
we conducted Vincentile analyses of the RT distributions (see Gomez 
and Perea, 2014, for a similar procedure). Specifically, we computed the 
.1, .3, 0.5, 0.7, and 0.9 quantiles for each participant and condition and 
then averaged the values for each quantile over the participants. In the 
framework of the diffusion model of lexical decision (Ratcliff et al., 
2004), manipulations that tap the "quality of information" stage of the 
lexical decision (i.e., the word-frequency effect) task are expected to 
produce changes in the shape of the RT distributions: a greater 
word-frequency effect is expected to occur in the higher quantiles than 
at the leading edge of the RT distributions. Manipulations that tap on the 
early-encoding stage of stimuli, however, are expected to produce 
similar changes across quantiles (shift of the RT distributions). Firstly, 
Fig. 1A shows that there was a robust word-frequency advantage that 
increased in the higher quantiles for the printed (printed: 20, 38, 50, 71, 
and 97 ms at the 0.1, 0.3, 0.5, 0.7, and 0.9 quantiles, respectively), and 
for the easy handwritten condition (printed: 23, 34, 50, 66, and 84 ms at 
the 0.1, 0.3, 0.5, 0.7, and 0.9 quantiles, respectively), thus replicating 
earlier research (Perea et al., 2016). Critically, as shown in Fig. 1B for 
the difficult handwritten condition, the word-frequency effect not only 
changed across quantiles with a steeper slope, but it was also larger in 
the first quantiles (38, 57, 72, 92, and 111 at the 0.1, 0.3, 0.5, 0.7, and 
0.9 quantiles, respectively). This finding suggests that word-frequency 
already taps onto an encoding stage of processing when the stimuli 
appear in the difficult handwritten script. 

In sum, while these results suggest an additive pattern of script and 
word-frequency with regard to the easy handwritten manipulation, an 
interactive pattern between script and word-frequency was obtained in 
the difficult handwritten manipulation. 

3.2. EEG results 

Fig. 2 shows the ERP waves for the script and word-frequency 
comparisons in the occipital electrodes (O1, O2). The ERPs of all con-
ditions showed an initial positive potential peaking around 100 ms, 
followed by a larger negativity ranging between 125 and 225 ms (N170). 
Next, a negativity peaking around 250 ms is followed by a larger 
negativity peaking around 400 ms (N400). Importantly, a word- 

Table 2 
Mean lexical decision times (in ms) and error rates (in percentage) for the word 
stimuli in the experiment.   

Printed Easy handwritten Difficult Handwritten 

High Frequency words 579 (1.3) 604 (2.4) 624 (5.1) 
Low Frequency words 631 (6.7) 658 (7.0) 697 (15.5) 
Word-frequency effect 42 (5.4) 54 (4.6) 73 (10.4) 

Note: For the nonword stimuli, the mean RTs and error rates were: Printed: 699 
ms (6.2%); Easy Handwritten: 747 ms (8.7%); Difficult Handwritten: 769 ms 
(6.3%). 
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Fig. 1. Group RT distributions in the script and word- 
frequency manipulations in word stimuli. Script: 
printed, easy handwritten (easy HW), difficult hand-
written (difficult HW); word-frequency: high fre-
quency (HF), low frequency (LF). For clarity, the 
comparison of printed vs. easy handwritten script is 
shown in A, while the comparison of printed vs. 
difficult handwritten script is shown in B. Each point 
represents the average RT quantiles (.1, .3, 0.5, 0.7, 
and 0.9) in each condition. These values were ob-
tained by computing the quantiles for each partici-
pant and subsequently averaging the obtained values 
for each quantile over the participants (see Vincent, 
1912).   

Fig. 2. Grand average event-related potentials to high-frequency (HF) and low-frequency (LF) words in the three script conditions: printed, easy handwritten (easy 
HW), difficult handwritten (difficult HW), in two occipital electrodes. For clarity, the lower panel depicts the word-frequency comparison (high-vs. low-frequency 
words) across each script. 
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frequency effect is present in the difficult handwritten condition, with 
larger N170 amplitudes for the high-compared to the low-frequency 
condition. Secondly, word-frequency effects are evident from approxi-
mately 350 ms in the printed script condition (larger negative ampli-
tudes for the low compared to the high-frequency conditions). More 
specifically, the word-frequency effect was larger in the printed than in 
both easy and difficult handwritten conditions (see Figs. 2 and 3). This 
same pattern was also found in the LPC component (450–650 ms). 

The t-test analyses (see Fig. 4) show robust differences regarding the 
time-course and size of the word-frequency effect across the three 
scripts. As shown in Fig. 4-panel A, the interaction between word- 
frequency and script (printed vs. easy handwritten) was only signifi-
cant in the 400–470 ms time window. In contrast, Fig. 4-panel B shows 
that the interaction between word-frequency and script (printed vs. 
difficult handwritten) was significant in the N170 time window 
(145–160 ms), in the 224–270 ms interval, and in the 388–512 ms in-
terval. Below, we describe the results of simple comparisons: 

Word-Frequency and Script (printed vs. easy handwritten). 
The interaction between Word-Frequency and Script (printed vs. 

easy handwritten) was only significant in the 400–470 ms time-window 
over electrodes P3 and P4. Although simple comparisons revealed that 
the printed and the easy handwritten conditions showed word- 
frequency effects in this interval (larger negative amplitudes were ob-
tained for low-frequency words compared to the high-frequency words), 
word-frequency effects were significantly larger in the printed than in 
the easy handwritten condition, as shown in Fig. 3. 

Word-Frequency and Script (printed vs. difficult handwritten). 
Firstly, simple comparisons revealed word-frequency effects in the 

difficult handwritten condition (but not in the printed condition) over 
O1, O2, CP6 and P4 starting at around 150 ms post-stimuli (see the blue 
marks in Panel B: difficult handwritten script), with larger negative 
amplitudes for the high-frequency words condition compared to the 
low-frequency words condition. 

Secondly, for the next significant interaction obtained in the 

Fig. 3. Difference waveforms display the effect of Word-Frequency across each Script: Printed, Easy handwritten (Easy HW) and Difficult handwritten (Difficult HW) 
on 8 representative electrodes. The word-frequency effect is calculated as the difference in voltage amplitude between the ERP responses to low-versus high-fre-
quency words. 
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224–270 interval, simple comparisons revealed that word-frequency 
effects in the printed script condition (but not in the difficult hand-
written condition) were present over T7, CP5, P3 and P7, with low- 
frequency words eliciting larger negative amplitudes than high- 
frequency words (see Fig. 3). 

Thirdly, for the significant interaction obtained in the 388–512 ms 
interval (N400), simple comparisons revealed that word-frequency ef-
fects were present in the printed script condition (but not in the difficult 
handwritten condition) over T7, CP5, P3 and O1 starting at 388 ms until 
424 ms: larger negative amplitudes were obtained for low-frequency 
words compared to the high-frequency words. In the following inter-
val (424–512 ms) the printed and the difficult handwritten conditions 
showed word-frequency effects. However, word-frequency effects were 
significantly larger in the printed than in the difficult handwritten 
condition, as shown in Fig. 3. 

The differences regarding the time-course and size of word- 
frequency effects across scripts can be summarized as follows. First, 
the largest differences regarding word-frequency effects were observed 
in the printed vs difficult handwritten comparison, with the earliest 
effects of word-frequency in the difficult handwritten condition (N170). 
Second, while word-frequency effects in the printed condition were 
apparent in the 225–550 ms interval, the difficult handwritten condition 
showed delayed (starting around 424 ms) and reduced word-frequency 
effects. And third, the differences regarding word-frequency effects in 
the printed versus easy handwritten comparison revealed a reduced 
word-frequency effect for easy handwritten words in the 400–470 ms 

interval (footnote 1). 

4. Discussion 

Deciphering difficult handwritten words is an effortful process that 
might exceed the flexibility of automatic feature-to-letter and letter-to- 
word encoding. As a result, top-down processing may compensate for 
the handwritten words’ natural physical ambiguity (see Barnhart and 
Goldinger, 2010; Manso De Zuniga et al., 1991; Perea et al., 2016, for 
behavioral evidence; see Qiao et al., 2012, for fMRI evidence). However, 
although informative, the results from the above-cited studies cannot 
ascertain whether top-down (lexical) information affects early or late 
processing stages due to the lack of the temporal resolution of their 
experimental methods. The present experiment directly addressed 
whether top-down information (as assessed by word-frequency) exerts a 
differential impact on the early encoding stages of visual word 

Fig. 4. Panel A displays the interaction between word-frequency and script by inputting the difference of the difference waves, either Script-easy: printed vs. easy 
handwritten (Easy HW), or Script-difficult: printed vs. difficult handwritten (Difficult HW), in the Mass Univariate ERP toolbox at the 10 electrodes analyzed between 
125 and 650 ms post-stimuli. T values are color coded according to the legend shown at the right of each comparison. Panel B shows the results of the mass univariate 
statistical analysis of the time-course of the word-frequency effect for the printed, easy handwritten (Easy HW) and difficult handwritten (Difficult HW) script 
separately. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

1 Following the suggestions of one Reviewer, in order to discard any bias on 
the results, we checked whether participants’ own penmanship differed from 
the handwritten styles of the present stimuli. We went through the participants’ 
filled-in forms and found a large variability among participants’ handwriting 
with most of them showing a “cursive” (interconnected letters) handwriting 
style in lowercase. We acknowledge this observation opens the door for future 
research on whether letter disambiguation of handwritten stimuli could be 
modulated by perceptual or perceptual and motor experience. 
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recognition of handwritten word forms by analyzing the ERP signature 
of lexical-decision responses. As in prior experiments, we found a 
magnification of the word-frequency effect for difficult-to-read hand-
written words on the word identification times (Barnhart & Goldinger, 
2010, 2013, 2013; Manso De Zuniga et al., 1991; Perea et al., 2016). 
Instead, when the handwritten words were easy to read, the effects of 
surface form and word-frequency were additive, replicating the behav-
ioral findings reported by Barnhart and Goldinger (2010) and Perea 
et al. (2016). More importantly, the ERP results showed an early 
word-frequency effect (N170 component) that was restricted to the 
difficult handwritten condition. Following this initial visual word pro-
cessing stage, word-frequency effects were only sizeable for printed and 
easy handwritten words (225–550 ms). Instead, the word-frequency 
effects for the difficult handwritten condition were delayed (425–550 
ms). Furthermore, after 400 ms post stimuli, the word-frequency effects 
in the easy and difficult handwritten formats were smaller than the 
word-frequency effects observed in the printed condition. 

The finding of an early (N170) word-frequency effect restricted to 
the difficult handwritten stimuli favors interactive accounts of word 
recognition that assume that top-down lexical information percolates 
into early visual-perceptive stages of processing, at least when the 
stimuli are highly ambiguous (difficult handwritten). Additional evi-
dence for this interpretation comes from the analyses of the RT distri-
butions on the word-frequency effect. The RT distributions showed an 
already substantial word-frequency effect even in the lower quantiles of 
the difficult handwritten condition; this differs from the increasing 
word-frequency effect across quantiles in the printed condition and in 
the easy handwritten condition. The presence of very large word- 
frequency effects in the leading edge of the RT distributions (as was 
observed only in the difficult handwritten words) suggests an early locus 
of the word-frequency manipulation (e.g., an early encoding phase; see 
Gomez and Perea, 2020, for discussion). Altogether, the effects of 
word-frequency on the N170 amplitude for the difficult handwritten 
stimuli, along with the quantile analyses of the RT distributions, support 
the view that top-down lexical-semantic information plays a functional 
role during perceptual encoding of the most ambiguous stimuli. 

In the context of visual word recognition, a number of different 
studies with different methodologies (e.g., see Lien et al., 2012; Ver-
gara-Martínez et al., 2020, with words in isolation; see Chauncey et al., 
2008, with masked priming) have reported early ERP effects of 
perceptual manipulations starting as early as 100 ms in terms of N/P150 
or N170 components (footnote 2). These ERPs would reflect early 
perceptual/pre-lexical processes involved in the mapping of visual fea-
tures onto location-specific letter representations. More specifically, the 
N170 component has been usually associated with perceptual expertise 
effects (Bentin et al., 1999; Maurer et al., 2005; Rossion et al., 2003), 
with larger negative amplitudes to word-like stimuli than to visual 
control stimuli such as symbol strings (Bentin et al., 1999; Brem et al., 
2006; Maurer et al., 2005a, 2005b). The neuronal origin of the N170 has 
been related to left occipital-temporal regions (Allison et al., 1994) or 
"visual word form area" (VWFA) (Brem et al., 2006; Cohen and Dehaene, 
2004; Dehaene et al., 2005), an area devoted to map perceptual features 
onto abstract information about visual words, allowing fast visual word 
recognition. Interestingly, the degree to which this early stage of pro-
cessing is sensitive to top-down (lexical) influences has been a matter of 
debate (see Price and Devlin, 2011; see also Carreiras et al., 2014, for a 

review). Regarding the N170, some studies have found that words elicit 
a more negative N170 than pseudowords (e.g., Coch and Meade, 2016; 
Mahé et al., 2012; Maurer et al., 2005a). However, others (Bentin et al., 
1999; Grossi and Coch, 2005; Maurer et al., 2005b) have not found a 
difference between words and pseudowords (nor between low and 
high-frequency words: Lien et al., 2012; Vergara-Martínez et al., 2020b) 
in the N170 amplitude. Importantly, the results of the present study did 
show more negative N170s for the high-frequency words than for the 
low-frequency words, but only when the stimuli corresponded to the 
difficult handwritten condition. Thus, our findings suggest that the vi-
sual word recognition system is permeable to top-down effects via 
word-frequency at very early stages of stimulus processing, at least when 
there is some degree of stimulus disruption (i.e., difficult handwritten 
stimuli). In other words, we claim that the difficult handwritten stimuli 
exceed the capacity of the ventral system to deal with perceptual 
invariance, thus requiring the additional intervention of top-down in-
fluences (via dorsal parietal regions: Qiao et al., 2010; Cohen et al., 
2008)—this mechanism would facilitate the impact of lexical-semantic 
information down into perceptual processing stages. Note that this 
interpretation aligns well with previous findings showing that taxing the 
attentional system may lead to changes in the temporal dynamics of 
lexical access (see Vergara-Martínez et al., 2020a, for a discussion). For 
example, Hauk et al. (2009; see also Hauk et al., 2006) found early ERP 
components in the range of 100–200 ms to be sensitive to 
word-frequency with standard printed stimuli—critically, these studies 
used a very fast presentation rate (100 ms), which is a factor known to 
impact the nature of word processing. Indeed, Dambacher et al. (2012) 
found that the latency of word-frequency effect gradually decreases as 
the presentation rate of words increases. 

The interpretation of the early word-frequency effects on the difficult 
handwritten condition in terms of larger attentional demands is 
consistent with previous findings of top-down effects on the N170 
related to face processing under high cognitive or perceptual demands 
(see Aranda et al., 2010, for discussion). Note that, as a marker of 
perceptual expertise, and despite its relevance in the field of visual word 
recognition, most work on the characterization of the N170 derives from 
research on face processing (Eimer, 2011; Rossion and Jacques, 2011). 
The N170 is systematically larger in amplitude for pictures of faces than 
for other object categories (Bentin et al., 1996). A sound study in this 
field (Sreenivasan et al., 2009) revealed that perceptual demands 
–operationalized as the degree of discriminability of face 
stimuli-modulated the impact of attentional deployment on early visual 
processing stages, as shown by changes in the N170 amplitude. In their 
study, participants were presented with superimposed face-scene images 
for which face discriminability was manipulated parametrically. Par-
ticipants’ attention was directed to either face or scene information. 
Critically, attending to faces modulated the N170 amplitude only when 
faces were not highly discriminable (i.e., the magnitude of attention’s 
influence on early perceptual processing was enhanced when the signal 
was of poor quality). Assuming an analogy between low-discriminable 
faces and difficult handwritten stimuli, the pattern of results obtained 
by Sreenivasan et al. (2009) is parallel to the present findings: When the 
signal was of poor quality (as is the case of difficult handwritten stimuli), 
word-frequency modulated the N170, which we interpret in terms of 
larger attentional deployment. 

Besides the early effects, we also found an effect of word-frequency 
in later stages of processing: 225–550 ms in the printed and easy 
handwritten conditions and 425–550 ms in the difficult handwritten 
condition. The latency of word-frequency effects for the printed and easy 
handwritten conditions is consistent with previous studies which used 
the same paradigm, similar stimuli presentation rate, same language 
(Spanish), and similar word-frequency values (Vergara-Martínez et al., 
2020b; see also Vergara-Martínez et al., 2020a, for a review on the la-
tency of word-frequency effects). In line with previous interpretations 
(Barnhart & Goldinger, 2010, 2013, 2013; Becker and Killion, 1977; 
Manso De Zuniga et al., 1991; Perea et al., 2016) when the stimulus is 

2 As suggested by a Reviewer, we would like to note that the early difference 
between scripts at the N170 (see Fig. 2) is consistent with prior literature in the 
field (see Chauncey et al., 2008). The apparent difference between the printed 
and the handwritten conditions suggests an enhanced effort when mapping 
letter features onto abstract letter representations for the handwritten condi-
tions. Notably, this pattern is different to the early ERP responses to printed 
words, where letter shape is preserved, thus providing a better matching with 
the prototypical letter representations. 
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(close to) pristine (printed words and easy handwritten), perceptual 
encoding operates in a feedforward fashion and the recruitment of 
top-down mechanisms of perception is delayed. The differences 
regarding the latency of the word-frequency effect in the difficult 
handwritten condition in the N400 window can be interpreted in terms 
of difficult handwritten script being less efficiently computed at a 
lexical-semantic level (see Grainger and Holcomb, 2009). This could be 
due to the fact that the quality of the lexical-semantic representations 
activated by difficult handwritten words is less stable than with printed 
(or easy handwritten) words. That is, the inherent ambiguity of hand-
written stimuli would have induced a slower full-retrieval of 
lexical-semantic information, thus delaying the latency of 
word-frequency effects. 

Finally, also of relevance here is the fact that in the latest stages of 
processing (450 ms), the largest effects of word-frequency were 
observed for the printed condition (as shown in Fig. 3). In the following 
lines, we consider two interpretations for this pattern of results. A 
plausible account for this large word-frequency effect reflected by a late 
positivity for the high-frequency compared to the low-frequency printed 
words could be found in the literature on recognition memory. Increased 
positive amplitudes have been obtained for words as a function of suc-
cessive retrieval of memory representations (a differential trait of high- 
frequency words), which are also enhanced by orthographic knowledge 
(Bakker et al., 2015; Batternik and Neville, 2011; Bermudez-Margaretto 
et al., 2015; Liu and van Hell, 2020). Indeed, compared to the hand-
written stimuli, the printed stimuli correspond to intact strings of letters 
which preserve normative features both at the intra-letter and the 
inter-letter levels within words. The consistent orthographic represen-
tations could have empowered the recognition of high-frequency words 
(in the printed format). 

A second non-exclusive explanation of the enhanced positivity for 
the printed version of high-frequency words is related to the saliency of 
printed stimuli in the context of the present experiment. Due to the 
design of the experiment, the distribution of the standard vs non- 
standard scripts was asymmetrical: only one third corresponded to 
printed/standard stimuli. As suggested by Qiao et al. (2010), a larger 
exposure to non-standard stimuli may have induced top-down conscious 
adaptation strategies in subjects’ expectancies (Kiefer, 2007; see also 
Strijkers et al., 2015 for discussion). Accordingly, participants’ strate-
gies of devoting more attention due to the global unfamiliarity of the 
experimental stimuli set might have led to enhanced post-lexical 
recognition responses to the stimuli which match by far (printed ver-
sions of high-frequency words) the representations stored in long term 
memory. Future studies may explicitly investigate the interrelations 
between the distribution of stimuli across experimental conditions (e.g., 
blocked vs. mixed stimuli list) and the dynamic adaptation of attentional 
strategies during visual word recognition. 

In summary, the present study is the first to assess the electrophys-
iological brain signature of top-down recruitment during the processing 
of handwritten words. Previous research has already outlined the larger 
involvement of top-down information in order to disambiguate 
degraded stimuli as shown by larger effects of high-level variables (e.g., 
word-frequency; Barnhart and Goldinger, 2010; Perea et al., 2016) in 
behavioral measures. Here, we have tracked down the cognitive pro-
cesses that underlie handwritten word reading to address the timeline of 
the alleged top-down lexical feedback. Our results revealed a 
word-frequency effect at an early perceptual processing stage (N170), 
but only for the difficult handwritten words. These findings extend 
previous findings on the implication of top-down attentional networks 
when the bottom-up signal is smeary (Qiao et al., 2010), as it does not 
only impact very low-level decoding stages but it also enhances the in-
fluence of lexical (word-frequency) information down into perceptual 
stages. Thus, our findings strongly suggest that recognizing difficult 
handwritten words induces an enhanced attentional deployment on vi-
sual word processing, allowing for an early effect of top-down 
information. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.neuropsychologia.2021.107924. 
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