www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Cost and benefit of parafoveal
information during reading
acquisition as revealed by finger
movement patterns

Viet Chau Linh Nguyen'3, Thomas Perret!:3, Valentine Fabre?, Alice Gomez¥3* &
Angela Sirigu%24>

Contrary to expert readers, children learning to read have limited ability to preprocess letters in
parafoveal vision. Parafoveal letters induce crowding cost: the features of neighboring letters interfere
with target letter identification. We longitudinally studied the weight of parafoveal cost and benefit in
two group of children (N = 42), during their first school year (Group 1) and at the end of second school
year (Groupe 2). Using a novel digit-tracking method, a blurred text was presented and rendered
unblurred by touching the screen, allowing the user to discover a window of visible text as the finger
moved along it. We compared two conditions: (1) a large window, where crowding was enhanced

by the presence of parafoveal information; (2) a small window, where crowding was suppressed by
blurred parafoveal information. Finger kinematics were simultaneously recorded. We found that at

the beginning of first-grade, digital fixations - brief slowing or stopping of the finger on a specific

point - are significantly longer in the large compared to the small window condition, as parafoveal
crowding increases text processing difficulty. This effect diminishes and disappears at the end of
second-grade as reading performance improves. In the large window condition, longer digital saccades
- rapid movements of the finger changing position - appear by the end of first grade suggesting that
parafoveal exposure become more beneficial than harmful when children acquire basic reading skills.
Our results show that in beginning readers, crowding has a cognitive cost that interfere with the speed
of the learning reading process. Our findings are relevant to the field of education by showing that
visual crowding in first grade should not be underestimated.
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During reading, expert readers can pre-process a certain amount of information in parafoveal vision, a
phenomenon known as ‘parafoveal preview benefit, which contributes to reading speed!?. This process is
affected by the difficulty of the reading content, and the benefit is greater for high frequency words>*. The cost
and benefit of parafoveal previewing vary according to reading expertise. Readers with advanced reading skills
benefit most from parafoveal preview®® and this start usually at Grade 2*'°. In young beginners, on the other
hand, exposure to parafoveal information is costly due to the crowding effect'"!2. Crowding is a basic low-
level to mid-level general phenomenon of visual perception in which identifying a target item is more difficult
when surrounded by flankers than when presented in isolation!*-!°. Visual crowding not only sets a bottleneck
for object recognition but also impacts reading!”!: Resistance to crowding in pre-school children has been
shown to predict future reading skills'®, and elevated sensitivity to crowding is found in dyslexia, a reading
disorder associated with problems in identifying speech sounds and in learning how these correspond to written
letters and words?*?!. Crowding is more detrimental as eccentricity increases'®>!7?223, and dyslexics exhibit a
stronger crowding effect in the parafoveal field than neurotypical readers*!. Despite several studies on reading
disorders, we still do not know exactly to what extent parafoveal crowding impacts reading when children learn
to read, especially in their first grade. Yet, it can be hypothesized that young beginners, like adults, are affected
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by crowding effects in parafoveal vision'>!7-2223, Therefore, removing parafoveal letters should reduce parafoveal
crowding and facilitate reading processes.

A way of studying the mechanisms of parafoveal processing during reading and the impact of crowding in
children is through the analysis of eye movements. Studies have shown that the pattern of eye movements during
reading are considered a good reflective of reading skills*>2%, and that their signature can reveal the amount and
the type of written materiel being processed?”.

A reading strategy based on a serial mode of word processing (due to the limited number of written units that
can be processed in parallel) could raise the number of fixations and reduce saccades length?3-%.

Longer fixation times in reading can be ascribed to decoding difficulties caused by insufficient language
skills**1*2 but can also be attributed to the crowding effect®*. Saccades, are required to bring the word into the
foveal field where it is analyzed with the highest acuity®®. In expert readers, parafoveal processing enables the
retrieval of different types of information in a single fixation*>-3%, facilitating longer saccades to reach a more
distant position®%. There is a position near the center of the word that maximizes its recognition rate, known
as the optimal viewing position*. Word characteristics and parafoveal processing may also impact the position
where the eye lands within each written word*"*2,

Despite their great potential in providing more in-depth understanding of children’s reading skills, eye-
movements data in beginner readers remains rare given the technical constraints?>. For example, the study of
large cohorts of children in schools is tricky because of the time spent calibrating the eyes, fixing the head, or the
presence of external factors such as glasses, the intensity of the light in the test room, etc.

In this context, an alternative research strategy is to collect finger movement measures to gain insights about
children reading strategies. As shown by Lio et al.*>, when subjects are asked to explore blurred images with their
index finger, measurements of digital movements are strongly correlated with eye movements*® and therefore
can be considered a reliable proxy of eye movements exploration. This method, known as digit-tracking, can
be applied in the field of reading, where blurred text can be unblur by touching the screen with index finger,
revealing a window of visible text. In this way, finger position and movement dynamics can be recorded in real
time to reveal reading strategies. With this method, the same measures used in the field of eye movements can
be applied this time to the fingers, i.e., digital saccades and digital fixations.

Another advantage of the digit-tracking technique in the domain of reading acquisition is the display format
which makes it possible to manipulate the information available in the parafoveal field. In a default modality, the
size of the unblurred window discovered by the finger simulates the size of the foveal field while the blur outside
the window represents the low acuity of peripheral vision.

In the present study, we manipulated the size of the parafoveal window to reduce or enhance the crowding
effect. We investigated in young children the dynamics and evolution of digital movements (digital fixations and
digital saccades) during the process of learning to read by using a longitudinal design to compare in the parafoveal
field the effects of high (large unblurring window condition) versus low information load (small unblurring
window condition) on reading performance and finger movements pattern. We manipulated the window size,
to investigate cost and benefit of parafoveal processing as a function of reading abilities. We assessed children’s
reading performances at three different points in time: at the beginning and end of Grade 1, and at the end of
Grade 2. We expected both temporal and spatial digital measures to change over time as a function of the amount
of parafoveal information provided in the window size. As crowding would affect reading performance mainly
in Grade 1 (to disappear at Grade 2), the small window size designed to reduce crowding would minimize cost,
and this effect was expected to be evident in digital movement patterns as already shown for eye movements®'C.
Thus, we expected changes over time as children become more expert readers and somewhat less affected by
visual crowding!!"'2. We expect no difference between the window conditions at Grade 2, with performances
similar to that of an expert reader (longer saccades, fewer fixations and a landing position closer to the centre of
the word). Hence, that the crowding effect would disappear as reading skills improved and that the advantage
of parafoveal preview would become evident in the second or third year of school. In experts however, we
anticipated that, the small-window condition, by preventing parafoveal treatment, may lead to high cost.

Results

Hereafter we report the results on finger kinematics for each time point (time point 1, t1, which occurs at the
beginning of Grade 1 and 12 months after time point 0, t0; time point 2, t2, which occurs at the end of Grade 1,
and 18 months after time point 0; time point 3, t3, which occurs at the end of Grade 2 and 30 months after time
point 0), for window conditions (large vs. small) and decoding ability (good vs. poor decoders) using two sets
of sentences.

Following we describe results on the Language and Spelling Assessment Battery (BELO, Batterie d’Evaluation
du Langage et de I'Orthographe) tests while the additional reading tests (meaningless and meaningful text
reading, pseudowords reading) are reported in the Supplementary Information.

Reading performance levels on the BELO test were used to classify children as good or poor decoders, and
scores on the additional reading tests as good or poor readers.

Digital movements were investigated at both sentences and word level (results for words and sentences
processing are reported in Supplementary Information) Changes in finger movements for both small and
large windows were examined in relation to cognitive and reading scores using multiple regression analysis
(see Supplementary Information). Further, the effect of window size on decoding ability was analyzed at each
timepoint for reading fluency. We set a significance level at p <0.05 for all statistical analyses and Bonferroni
correction was applied for post-hoc comparisons to control for Type I errors. The significance thresholds were as
follows: for Timepoint effect (3 comparisons), a =0.05/3=0.017; for Timepoint x decoding ability and
Timepoint x unblurring size (15 comparisons), a, . .=0.05/15=0.0033; for Timepoint x decoding ability x
unblurring size (66 comparisons), o =0.05/66=10.0008.

Bonferroni

Bonferroni
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Sentences-level variables
Data on finger kinematics were analyzed with the following Linear Mixed Models (LMM):

variable ~ timepoint x decoding ability x unblurring window size + (1|subject) with timepoint as a three-level
factor: t1 vs. t2 vs. t3; decoding ability as a two-level factor: good vs. poor and unblurring window size as a two-
level factor: small vs. large). The dependent variable (variable) was modeled as a function of the independent
variables (time point, decoding ability, unblurring window size) and a random intercept for each subject, using a
linear mixed effects model. Contrast effects of the sentence-level variable are reported in Table 1.

The analysis on finger movements at the sentence level showed that digital fixations, i.e., when the finger
slows down beyond a defined threshold (see Material and Methods), are significantly longer at the beginning
of first grade compared to those observed at the end of first and second grade. The poor decoders showed
longer digital fixations than good decoders and these fixations were longer in the large (unblurring) window
condition compared to the small one. At the beginning of first grade, good decoders made significantly shorter
digital fixations comparing to poor decoders. The difference between the large and small window conditions was
significant at the beginning of first grade, but not at later stages.

Below we report the main effects of timepoints and windows size on digital saccade length and the interaction
between decoding performance, window size and timepoints. Overall, the results show that poor decoders show
shorter digital saccades than good decoders at the beginning of Grade 1, but not at the end of grade 1 and grade
2. The difference between large and small windows size was not significant at the beginning of Grade 1 while it
was at the end of grade 1 and 2. Concerning the number of digital fixations, we found a main effect of timepoint,
i.e., a significant increase between the beginning and end of first grade while for decoding, poor decoders
showed higher digital fixations compared to good decoders and these were modulated by the window size, with
a significant higher number of digital fixations in the large window condition compared to the small one.

Duration of digital fixationsc
We predicted a greater cost of crowding at early stages at Grade 1.

As shown in Fig. 1A; Table 1, digitalfixation duration was longer for the large window compared to the small
one. We also observed an interaction between the timepoint and the window size: the difference between the
large and small window was robust at the beginning of first grade but not at the end of Grade 1 and at Grade
2. The interaction between unblurring window size and decoding ability and the triple interaction were not
significant. This suggests that decoding ability was not affected by crowding when measured through the average
duration of digital fixations. Hence, the cost of crowding is greater on early than late stage of reading acquisition.

Digital saccade length

We predicted that crowding should have greater cost than benefit on decoding abilities at early stages and
thus, that the difference in the digital saccade length between large and small unblurring windows will not be
significant at the beginning of Grade 1, but it will emerge at later stages. Thus, the cost of crowding should be
reduced earlier in good decoders than in poor decoders, and thus, the difference in the digital saccade length
between large and small unblurring windows will increase earlier in the group of good than poor decoders.

As reported in Fig. 1B, for digital saccade length analysis, we observed an effect of window size: Digital
saccades were significantly longer in the large window compared to the small one. Double interaction effects were
also observed for window size x timepoint and window size x decoding ability. The difference in digital saccade
length between large and small window conditions is observed only at the two last stages with the most robust
effect at the end of second grade. The triple interaction analysis on timepoint x decoding ability x unblurring
window size is marginally significant. The difference between large vs. small window is not significant at t1 for
both good and poor decoders, but it reached significance for good decoders only at the end of first grade, and for
both good and poor decoders at the end of second grade.

This triple interaction was also observed when we divided readers into good versus poor readers based on
performance on the additional reading tests (see Supplementary Information Table S2, Table S3), suggesting that
the interaction effect with decoding ability is robust. Contrary to what was observed in the average duration of
digital fixation, the cost of crowding on saccade length was modulated both by childrens’ age and their decoding
ability.

Average number of digital fixations

As reading skills improve we expected the small window to reduce access to parafoveal information, therefore
inhibiting parafoveal benefit contray to the large window condition. As a result, we expected the number of digital
fixations greater in the small window than in the large one. We also predicted that parafoveal preprocessing
would be more important at the end of grade 2 than at the beginning and end of Grade 1. The difference between
large and small window conditions on the number of digital fixations should increase at later stages. Within this
context, the benefit of parafoveal preview may appear earlier in good decoders than in poor decoders, and the
difference in the number of digital fixations between the large and small window conditions should increase
earlier in the group of good decoders but not in the group of poor decoders. We observed an effect of the window
size on the average number of digital fixations, fewer digital fixations were made in the large window condition
compared to the small one (Fig. 1C). However, there found no interaction between unblurring window size and
timepoint or decoding ability and no triple interaction suggesting that the effect of parafoveal preview in the
small window condition had a similar cost on the number of digital fixations at all timepoints and decoding
abilities.

Scientific Reports |

(2024) 14:25127 | https://doi.org/10.1038/s41598-024-75706-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Main effect ‘ F-value ‘ p-value ‘ Contrast ‘ b ‘ SE ‘ t-value ‘ p-value
Digital fixation duration

t1-t2 379.23 | 75.55 | 5.02 <0.001
Stage 129.39 | <0.001 | t1-t3 463.87 |29.36 | 15.80 <0.001

t2-t3 84.64 77.50 | 1.09 0.280
Decoding ability 9.29 0.003 good-poor -146.89 | 48.19 | -3.05 | 0.003
Unblurring window 37.71 <0.001 | large-small 141.24 | 23.00 |6.14 <0.001
Interaction effect

tl:good - poor -263.62 | 53.62 | -4.92 <0.001
Stage * decoding ability 4.32 0.015 t2:good - poor -132.99 | 118.68 | -1.12 0.269

t3:good - poor -44.06 | 57.76 |-0.76 | 0.446

tl:large-small 218.85 |30.34 |7.21 <0.001
Stage * unblurring window 3.83 0.022 t2:large-small 83.99 4281 |1.96 0.050

t3:large-small 120.86 | 44.87 | 2.69 0.007
Unblurring window * decoding ability 0.42 0.514
Stage * decoding ability * unblurring window | 0.09 0.917
Digital saccade length

t1-t2 -1.27 0.41 -3.11 0.004
Stage 344.24 | <0.001 | tI-t3 -2.66 0.10 -26.22 | <0.001

t2-t3 -1.39 0.41 -3.37 0.002
Decoding ability 0.56 0.457 good-poor 0.18 0.23 0.75 0.457
Unblurring window 92.19 <0.001 | large-small 0.75 0.08 9.60 <0.001
Interaction effect

tl:good - poor -0.99 0.19 -5.11 <0.001
Stage * decoding ability 12.56 <0.001 | t2:good - poor 1.41 0.64 222 0.033

t3:good - poor 0.10 0.20 0.49 0.626

tl:large-small -0.05 0.10 -0.53 0.598
Stage * unblurring window 41.68 <0.001 | t2:large-small 0.68 0.14 |4.76 <0.001

t3:large-small 1.62 0.16 10.41 | <0.001

good: large-small 1.06 0.11 9.41 <0.001
Unblurring window * decoding ability 16.05 <0.001

poor: large-small 0.44 0.11 4.05 <0.001

tl:good: large-small | 0.04 0.15 0.28 0.781

tl:poor: large-small | -0.15 0.20 -1.10 0.271

t2:good: large-small | 1.10 0.33 5.46 <0.001
Stage * decoding ability * unblurring window | 2.51 0.081

t2:poor: large-small | 0.26 0.20 1.27 0.203

t3:good: large-small | 2.04 0.22 9.02 <0.001

t3:poor: large-small | 1.20 0.21 5.62 <0.001
Digital saccade length

t1-t2 -1.27 0.41 -3.11 0.004
Stage 344.24 | <0.001 | t1-t3 -2.66 0.10 -26.22 | <0.001

t2-t3 -1.39 0.41 -3.37 0.002
Decoding ability 0.56 0.457 good-poor 0.18 0.23 0.75 0.457
Unblurring window 92.19 <0.001 | large-small 0.75 0.08 9.60 <0.001
Interaction effect

tl:good - poor -0.99 0.19 -5.11 <0.001
Stage * decoding ability 12.56 <0.001 | t2:good - poor 1.41 0.64 222 0.033

t3:good - poor 0.10 0.20 0.49 0.626

tl:large-small -0.05 0.10 -0.53 0.598
Stage * unblurring window 41.68 <0.001 | t2:large-small 0.68 0.14 | 4.76 <0.001

t3:large-small 1.62 0.16 10.41 | <0.001

good: large-small 1.06 0.11 9.41 <0.001
Unblurring window * decoding ability 16.05 <0.001

poor: large-small 0.44 0.11 4.05 <0.001
Continued
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Main effect F-value | p-value | Contrast b SE t-value | p-value
tl:good: large-small | 0.04 0.15 0.28 0.781
tl:poor: large-small | -0.15 0.20 -1.10 ] 0.271
t2:good: large-small | 1.10 0.33  |5.46 <0.001
t2:poor: large-small | 0.26 0.20 1.27 0.203
t3:good: large-small | 2.04 022 |9.02 <0.001
t3:poor: large-small | 1.20 0.21 5.62 <0.001

Stage * decoding ability * unblurring window | 2.51 0.081

Digital number of fixations

t1-t2 40.92 9.93 4.12 <0.001
Stage 57.44 <0.001 | t2-t3 63.35 5.96 10.64 <0.001
t1-t3 22.44 10.11 | 2.22 0.031
Decoding ability 7.03 0.010 Good-poor -19.22 | 7.25 -2.65 | 0.010
Unblurring window 20.70 <0.001 | Large-small -22.01 | 4.84 -4.55 <0.001
Interaction effect
Stage * decoding ability 2.66 0.075
Stage * unblurring window 0.42 0.657
Unblurring window * decoding ability 0.03 0.855

Stage * decoding ability * unblurring window | 0.21 0.809

Table 1. LMM values (main and interactions effects) for sentences-level analysis (digital fixation duration,
digital saccade length, number of digital fixations). Significant effects (absolute t value: 1t >1.96, p <0.05) are
in bold. Utilizing Bonferroni adjustment with an adjusted a(Bonferroni) =0.05/X, where X represents the
number of comparisons contrasts from non-significant interactions are not reported.

Fixation maps

Figure 2 shows the individual digital fixation maps as a function of timepoints for a poor decoder (left) (decoding
score=32/85 at t|, 76/85 at t,) with long and frequent digital fixations and short length saccades, and a good
decoder (decoding score=79/85 at t, and 84/85 at t,) with shorter digital fixations and longer digital saccades
(Fig. 2). We observe the decrease in the number of digital fixations and the duration in fixations, as well as the
increase in the length of the digital saccades between the two time points. In addition, we show the effects of the
window condition: the small one characterized by shorter digital saccades, particularly at t; while the large by
longer digital fixations durations in the early stages. These differences are more important for poorer decoders
than for good decoders.

Is reading fluency influenced by the unblurring window size and decoding skills?

We predicted that reading fluency could be influenced by the level of decoding skills and window size, and that
this effect might change with age. At a later stage, parafoveal benefit should become more relevant for fluency. At
the beginning of Grade 1, fluency is expected to be mainly influenced by decoding skills but not by the window
size. At later stages, reading fluency should be influenced by decoding skills and window size. Mean and SEMs
for reading fluency as a function of unblurring window size are reported in Table 2.

We used the following LMM model (timepoints thty t3):

reading fluency at t, ~unblurring window size*decoding ability at t,+ (1|subject).

At the beginning of Grade 1, we found an effect of decoding ability on reading fluency, with good decoders
reading the text more fluently than poor decoders. However, as expected, neither the size of the unblurring
window nor the interaction between decoding ability and window size explained reading fluency. LMM models
on reading accuracy and reading time yielded similar results (see Supplementary Information). At the end of
first grade, we observed a significant effect on unblurring window size, decoding ability, and an interaction
between unblurring window size and decoding ability. At this stage, children are more fluent in the large window
condition compared to the small one and good decoders are more fluent than poor decoders. Moreover, good
decoders are more fluent in the large window condition compared to the small one, which is not the case for
poor decoders. At the end of second grade, only the effect of unblurring window size is significant: children
at this stage are more fluent in the large unblurring window than in small one but decoding skills no longer
distinguish children on the reading fluency task.

Discussion
In this study, we investigated the effect of parafoveal crowding in young beginning readers (first to second grade)
using a novel procedure (digital tracking) in which blurred words and sentences were presented to children
who were asked to read them by unblurring the text with the index finger. Finger movements were recorded in
two blur conditions of small and large windows. Compared with the small window condition, the large window
condition was designed to induce a crowding effect due to the display of greater information in parafoveal vision,
while this effect was reduced when parafoveal processing was inhibited.

We hypothesized that in first-grade beginning readers, children will be more affected by crowding. Therefore,
blurring parafoveal letters as presented in the small window condition would decrease the cost of crowding and
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Fig. 1. Effects of unblurring window size on digital saccades as a function of decoding abilities and timepoints.
Results for finger movement analysis at sentence-level for each time point (t1-left, t2-middle, t3-right),
according to unblurring window condition (small vs. large) and decoding skills (good decoders in blue vs.
poor decoders in red). (A) Average duration of digital fixations in ms. (B) Digital saccade length in number

of characters. (C) Number of digital fixations made on the whole 40-words-long text. Significance level:

ot <0.001; #4:0.001 < p < 0.01; *:0.01 < p < 0.05; .2 0.05< p<0.1.

help learning to read more efficiently. We expected temporal measurements to differ between conditions, with
shorter temporal digital fixation times only in the small window condition.

Moreover, since at this stage there is no benefit from parafoveal preview’, we expected no effect of the window
size on spatial measures (digital saccade length, number of fixations, digital landing position). As predicted, in
beginners, saccade length was similar between the two window conditions, in line with studies showing poor
parafoveal benefit in young readers®!?. It’s interesting to note that for good decoders, the average length of digital
saccades was 4 characters (6.4 mm), while for poor decoders it was 3 characters (4.8 mm), approximately the
size of the small window. This suggests that the children targeted a nearby position despite the fact that in the
large window condition, more information could be processed in parafoveal vision. The failure to use parafoveal
processing limits the number of units processed at once, thus resulting in a greater number of fixations in order
to be able to handle an optimal amount of information. We suggest that novice readers do not benefit from
parafoveal preview during reading and that, on the contrary, this processing induces a visual cost. Furthermore,
although children may have the choice of reading while ignoring information in parafoveal vision, simple
passive exposure to this content is likely to trigger a large number of fixations, thus disrupting reading processes
in foveal vision.
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Fig. 2. Patterns of digital movements in poor and good readers across grade timepoints. Digital fixation
maps of a poor (left) and a good (right) decoder at t; (beginning of Grade 1) and at t, (end of second grade).
Decoding scores: poor decoder =32/85 at t, and 76/85 at t,, small blur; good decoder=79/85 at t, and 84/85
at t,. Circles represent digital fixations whose durations are proportional to the circles’ radius. Color gradient
indicates fixation duration (longer durations are represented with warmer color). Segments correspond to the
length of saccades and color variation represents the order of digital fixations in a given trial.

Large 13.52 (2.52) wpm 25.89 (3.12) wpm | 37.67 (3.01) wpm
Small 12.58 (2.11) wpm 22.71 (2.19) wpm | 30.65 (2.51) wpm
p-values 0.798 0.018 <0.001

Table 2. The effect of unblurring window size on words reading and grade timepoints. Mean (SEMs) fluency
(correct words read per minutes, wpm) for different unblurring window sizes and timepoints (t , t,, t,).

As for the temporal measurements, as expected, the digital movement patterns at t1 (average duration of
digital fixation, duration of first digital fixation and duration of gaze on word) revealed a negative effect of
the large window condition, which we interpret as the result of crowding, in line with what has been shown
previously in the eye movements literature?!.

Finally, our results show that the negative effect of crowding in beginners during the first year of school
appears to be independent of children’s reading decoding abilities or general cognitive performance.

Thus, in line with eye movement studies, our results corroborate the hypothesis that parafoveal preprocessing
induces crowding that plays a negative role in learning to read. To our knowledge, this is the first time that the
cost of crowding has been demonstrated in young beginning readers using digital movements as a proxy for
reading performance. We conclude that parafoveal previewing has a cost and interferes with the process of
learning to read in the first year of school.

Future studies should confirm our findings in a larger population and examine whether other factors, such
as non-linguistic material, also trigger crowding or whether word knowledge mitigates it instead. For example, it
would be interesting to compare two large window conditions, one with normal letters and the other containing

Scientific Reports |

(2024) 14:25127

| https://doi.org/10.1038/s41598-024-75706-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

letters replaced by ‘x; as in the moving window paradigm! in order to dissociate the basic visual effect from the
effect linked to linguistic information.

Overall, these results suggest that if exposure to parafoveal information is limited early in the first year, the
negative effect of crowding for learners will be reduced. Some compensatory methods have been designed to
provide a crowding-free reading environment for people with loss of foveal vision and those with dyslexia®*-4°.
However, this problem has not been addressed in young neurotypical readers. Although our results need to be
replicated in a wider population, they raise questions about how to address the problem of reading difficulties
at school arising from the basic phenomenon of visual crowding. Our digit-tracking method can be applied as
a compensatory tool for children at the beginning of Grade 1, and we have shown that learning to read with
suppressed parafoveal information stimulates reading acquisition in children?’.

Interestingly, at later stages (t2 and t3), as children improve their reading, they are less at risk of peripheral
crowding and begin to benefit from parafoveal preview, as shown in the large window condition. We predicted
that the trajectory of finger movements in this case would be like that of an expert adult reader (longer saccades,
less fixations and landing finger position nearer to the word center) and we also anticipated that the removal
of the parafoveal area would be detrimental in this case. Our results confirm this hypothesis showing that at t,
(end of first grade), there were no differences between the two window conditions on temporal digital measures.
The effect of crowding is therefore considerably reduced at this stage, probably because children are better
at decoding orthographic units of words and syllables*®. With regard to the length of the digital saccade, we
observed two different patterns linked to the children’s decoding skills: good decoders produced longer saccades
in the large condition than in the small condition, while digital saccades of poor decoders were of similar length
in both conditions. Our interpretation is that, in the large window condition, the good decoders, benefitting
from parafoveal information, process the written units in a single fixation and focus simultaneously on the
following units at distant locations.

On the other hand, the small window condition, by preventing parafoveal pre-processing, forces them to
decode using short digital saccades, similar to those observed in poor decoders.

At the end of second grade (t,), we observed longer fixation durations for the large window condition but,
no difference for the duration of the first digital fixation as well as for their total duration. At the same time, the
number fixations within words (see Supplementary Information 3.1.3) was significantly lower in the large than
in the small window condition.

No effect of decoding ability was observed, since both good and poor decoders were able to benefit from
parafoveal preview and made longer saccades in the large compared to the small window condition. Also, the
differences in saccade length between the two window conditions do not appear to be related on children’s
general cognitive performance (Supplementary Information).

A large body of research has already investigated the role of parafoveal information in reading. Most of
these studies were based on the moving window task and the gaze contingent paradigm? where the parafoveal
information was manipulated by replacing letters with meaningless characters (i.e., a string of X’s to replace
letters). This approach has been questioned**° as the parafoveal preview (even if masked by the string of x’s)
induces a cost that could interact with parafoveal processing. Therefore, the x’s mask paradigm cannot be
considered a valid baseline for inferring the magnitude of parafoveal benefit. Marx and colleagues used another
method, called the “incremental boundary paradigm’, which involves degrading parafoveal letters by the random
displacement of black pixels®!. They showed that when 20% of pixels were degraded, children experienced a
reduced parafoveal cost compared to letters that were minimally or not at all degraded. However, this result
has been called into question®, with the argument that the degradation of parafoveal letters always induces
involves a cost associated to the phenomenon of change awareness, (i.e., the attentional resources activated when,
at the onset of the fixation, readers are surprised by the change from the initial text to a degraded preview.
In this context, we can suggest that our digit-tracking method, by fully masking the parafoveal field without
causing unexpected stimulus changes, can attenuate the interfering effect of parafoveal information. A study
comparing the effects of all these methods for handling parafoveal material could prove important in the future
for developing a more effective approach to learning to read.

Regarding the results on reading fluency, we found that they were similar at t, between the small and large
windows, but not at t, and t, where we observed a better performance in the large window condition as shown by
the lengthy digital saccades. This suggests that parafoveal previewing is beneficial and that the cost of crowding
is reduced. For good decoders’ fluency performance in the large window was significantly higher than in the
small condition, while for poor decoders fluency didn’t differ between the two conditions. At t;, the difference
between good and poor decoders in saccade length is no longer significant, with both groups showing longer
saccades in the large window condition, a performance similar to what found also for reading fluency. Reading
in the large window condition facilitates fluency, regardless of subjects’ decoding ability. Again, these results are
consistent with the study by Sperlich and colleagues, who show that parafoveal preprocessing begins between
Grade 2 and Grade 3°.

Our findings for the three developmental stages support the idea that removing parafoveal information
to reduce crowding, consolidate learning and automaticity of reading in beginning readers. Crowding is a
phenomenon that affect the integration of a written target with neighboring elements®. For children who are
still in the process of learning to read, crowding can slow down their ability to recognize the basic elements of
reading. Therefore, the removal of parafoveal letters at an early stage, although not improving reading fluency
(we observed that reading fluency is similar in both large and small window conditions) it might facilitate
familiarity and faster decoding of writing units.

A limitation of our study is that, beyond reading fluency, we provide no information on parafoveal
preprocessing and other dimensions of reading such as reading comprehension. For example, is not clear how
reducing the window size at the beginning of first grade may have a negative effect on reading comprehension.
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A Digit-tracking reading task

In summary, our study provides evidences on the changes of parafoveal crowding and parafoveal benefit
during learning to read. Our findings are in line with previous research on eyes movements and the problem of
parafoveal interference in novice readers, and highlight the cost of crowding during the early reading acquisition
process. These processes are closely linked as selective digital saccades (a strategy developed along with reading
skills and parafoveal processing®**>>%), helps to reduce crowding at the target location®. In addition, familiarity
with string characters also reduces the crowding effect*®. In conclusion, we have demonstrated that learning to
read is part of a trade-off process between parafoveal cost and parafoveal benefit, and that their weights during
learning to read evolves with the acquisition of reading competences. Finally, our results also underline the
importance of digital movements analysis as a window to reveal children’s learning processing stage and possible
difficulties in learning to read.

Materials and methods

Participants

Data were collected from two groups of children, each tested at two time points separated by an 18-months
interval (Fig. 3). All children had normal or corrected-to-normal vision. No other sensory impairment was
reported or detected. The study was conducted in accordance with the Declaration of Helsinki. Prior to the study,
parents received information of the purpose of the study and gave their written informed consent for their child
to participate. The experimental procedures were approved by the French National ethic committee (CPP n°
3574, 2017-A03065-48). All families were informed and agreed to the European regulation procedures on data
protection.

Group 1
For Group 1, 19 children (Fig. 3) took part in the study at the beginning of their last year of kindergarten (t,,
pre-test phase) in November-December 2019 for general cognitive evaluations (Table 3); and at the end of their

Beginning Beginning End End
Last year kindergarten Grade 1 Grade 1 Grade 2
% 1, = *12m l, ® *18m t, = *30m

v

Group 2 ' ! Group 2
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Fig. 3. Experimental procedure. (A) An example of digit-tracking reading task (upper left) assigned to Group
1 at the end of Grade 1 (t,) and to Group 2 (black) at two time points: the beginning of first grade (t,) and at
the end of second grade (t,). Written texts were presented either in large unblurring window (black box, upper
line) or small window (black box, lower line). (B) Children’s general cognitive abilities were assessed at pre-test
(t, for Group 1 and t, for Group 2, except for digit-span, (see part 2.2.). General cognitive abilities) and their
reading skills were assessed on paper at post-test (t, for Group 1 and t, for Group 2). C. Example of a child
unblurring the text using digit-tracking in the small window condition (the large window is twice as larger in
length).
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to t1 t2 t3
Mean (SD) | Mean (SD) Mean (SD) | Mean (SD)
Age 5.47 (0.33) 6.49 (0.28) 6.90 (0.33) 7.89 (0.47)
Reading test
Digit-tracking reading
Accuracy (%) NC 69.26 (20.33) 85.96 (14.57) | 91.71 (7.60)
Reading duration (s) NC 176.74 (72.67) | 97.73 (28.53) | 73.25 (23.94)
Fluency (correct words/minute) | NC 13.05 (10.41) 24.21(10.81) | 33.32(11.63)
Letter and syllable reading 22.82(11.73) | 49.82 (19.01) 72.67 (10.06) | 78.23 (6.45)
Rapid Automatized Naming
Images 36.69 (13.80) | 48.93 (16.45) NC NC
Letters 45.25 (14.42) | 68.31 (18.56) NC NC
Visual attention span
Letters read 34.81(11.70) | 55.22 (11.10) NC NC
Alouette (Meaningless text)
Accuracy (%) NC NC 82.02 (12.87) | 84.56 (10.25)
Reading duration (s) NC NC 180 (0) 179.04 (4.37)
Fluency (correct words/minute) | NC NC 2891 (13.75) | 42.56 (17.34)
Mr Petit (Meaningful text)
Accuracy (%) NC NC 84.41 (17.28) | 91.04 (10.79)
Reading duration (s) NC NC 60 (0) 60 (0)
Fluency (correct words/minute) | NC NC 36.33(23.17) | 70.36 (31.14)
Pseudowords
Accuracy (%) NC NC 64.83 (25.62) | 72.70 (19.98)
Reading duration (s) NC NC 149 (45.90) 118.95 (46.62)
Fluency NC NC 13.47 (8.24) | 19.88 (10.29)
Other cognitive tests
Digit Span | Direct 5.18 (1.04) 6.54 (1.23) 6.20 (1.05) 6.64 (1.40)
Indirect 3.81(1.63) |4.77(1.08) 487 (0.72) | 5.36(1.26)
Vocabulary 9.82 (3.18) 11.31 (4.79) NC NC
Matrix 10.00 (2.30) | 9.36 (2.96) NC NC
Flanker test | Incong-Cong difference (ms) 96.22 (85.89) | 121.87 (107.66) | NC NC

Table 3. Means and (SDs) of reading and general cognitive performances of each group at different time
points.

Grade 1 (t,, post-test phase) in May-June 2021 for reading tasks and for a digit-span evaluation. Data from
one child was excluded because he had difficulty in understanding tasks instructions and he showed no sign of
motivation during the test. Hence, data on reading performance of 18 children (8 girls) at t, were kept for the
analysis (Mean age at pre-test=>5.47 years, SD=0.33).

Group 2

For Group 2, 26 children in Grade 1 took part in the pre-test phase (t;) in November — December 2019 and
25 of them participated in the post-test phase (t,), eighteen months later in May-June 2021 (Fig. 3). The data
set (pre-test and post-test) of three children was excluded: two of them had reading difficulties in the untimed
reading tasks, and one had severe reading difficulties linked to fatigue and lack of motivation. In addition, pre-
test data from 3 other children were excluded because they could only spell few letters without being able to
read the word. Finally, post-test data of three additional children were also excluded for reasons not linked to
reading competences (one for moving away, one for disturbing behavior and one for being very distracted during
testing). In summary, we computed data of 23 children in Group 2 (10 girls, mean age at pre-test=6.49 years,
SD=0.28), 16 among them had both pre-test and post-test data, 3 with only pre-test and 3 with only post-test.
We decided to include subjects’ performance with missing data since the linear mixed models used for our
statistical analysis (see part 2.4. Statistical analysis) allow to handle this issue with robustness and optimized
statistical power®®’.

Procedure

Our procedure included 4 testing sessions (t,, t, t,, t,) (Fig. 3): the last three sessions involved the experimental
manipulation with the digit-tracking reading task (see Sect. 2.1.2). Two groups of children were assessed at two
time points separated by an 18-month interval. Both groups were also tested on reading skills (at each timepoint
for the BELO test and at t, for Group 1 and t, for Group 2 for the other reading tests) and on general cognitive
abilities (t, for Group 1 and t; for Group 2). Reading tests were used to divide children into good and poor
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readers within each group at each time point, in order to assess whether inter-group variations in reading skills
is reflected in finger movement measurements as well. We will report the analysis of good versus poor decoders
(based on BELO performance- letter and syllable reading test) in the main results. Analysis of good versus poor
readers based on the three reading tests (meaningful text reading, meaningless text reading, pseudoword reading)
is reported in Supplementary Information. General cognitive abilities were used to disentangle the effects linked
to linguistic competences or potential cognitive factors such as fluid intelligence, selective attention, working
memory, vocabulary or other visuo-attentional processes.

Role of test-retest effects

Because the study describes the evolution of digital behavior when learning to read, one must insure that the
effect observed cannot be attributed to simple test-retest effects. Our study includes two different groups in
which subjects’ performance was examined longitudinally in order to assess whether changes in reading can be
attributed to the learning phase or to exposure to the experimental material per se. We argue that if, test-retest
effect, could have had an influence, only the data from t, and t, could have shown this bias because data acquired
att, came from another group of children. It is therefore very unlikely that children from group 2 had memories
of the specific sentences that they had read once 18 months ago. Therefore, if group 1 measures from t, are
intermediate values between those from t, and t, for group 2, it will be more parsimonious to link the observed
changes in finger kinematics to their progression in reading abilities in general, rather than to a memory trace
of these short texts.

Reading assessment

Reading task with digit-tracking Each child read 20 sentences on the tablet laying on the table in front of them.
Touching the screen with the finger caused an unblurring space inside which the text was displayed in clear.
For each child, the task was composed of two sets of 10 French sentences: a set where the size of the unblurring
window was large and another set where it was small. The large window displayed 11 to 12 characters while the
small one 4-5 characters. The order of presentation for each set was counterbalanced across children (one group
of children saw the first text in the large unblurring window while the other in the small). Prior to each trial,
children were submitted to a training phase where they unblur and read aloud two sentences visually presented
similar to the ones used in the main experiment.

The structure of the sentences was fixed as follow (French words in italic): Determinant (le, la, etc.) + noun
+ “is” (est) +adjective. For example, “La feuille est jolie” (Meaning: The leaf is pretty). Adjectives and nouns
were paired on number of letters, number of syllables and the complexity of graphemic or syllabic structure (see
Supplementary Information for the complete material used in the task). The children read sentences made up of
words from the lexicon that were grammatically correct but had no meaning. We instructed children not to pay
any attention to the meaning of the words.

Sentences were presented in Consolas font, size 11, a fixed-width font. Hence, a given physical length in
standard measure contained the same number of letters, regardless of their identity. The width of each character
corresponds to 12 pixels (px), which equals to 1.66 mm (mm).

For stimuli presentation and finger trajectory data collection, we used an algorithm by the Psychtoolbox
from Matlab Software (version 8.1). Stimuli were presented at a viewing distance of 30 cm on a Dell latitude
tablet (1920 % 1280 px) with a screen size of 26.56 X 16.60 centimeter (cm). The sampling rate was 60 Hz (Hz).
The original text was blurred using a Gaussian blur filter (standard deviation of 20 pixels). The size of the large
unblurring window was 80X 30 px, and the small unblurring window had a size of 35X 30 px. The distance
between finger touch position and the center of the unblurring window was 80 px (in Y).

Reading tests on paper Letter and syllable reading (at t, t,, t,, t;) we assessed letter and syllable reading using
the French standardized test for reading and orthography evaluation “Batterie dévaluation de Iécriture et de Jor-
thographe”®. Children had to read aloud different orthographic elements until 5 incorrect answers were given
in a row. The total score for each child was the total number of elements correctly read, with a maximum of 85

points (Table 3).

Pseudowords reading (at t,or t,): PW reading was performed using the first 45 of the 90 pseudowords used by
Bosse et al., (2007) Children were presented with a sheet with the pseudoword aligned in the column and asked
to read the word aloud as quickly and as accurately as possible. Reading time and errors were collected. Read-
ing speed (pseudowords read per minute) and accuracy (pseudowords correctly read/pseudowords read) were
calculated (Table 3).

Text reading (at t, or t,) Evaluation of meaningless text was assessed using “Alouette R” test®® (Table 3). This
265-word text is widely used to assess reading skills in French language. Children are told to read as quickly and
accurately as possible the text, within 3 min time limit. Fluency was assessed as the number of words correctly
read within 3 min, and accuracy rate as the number of words correctly read among the total number of words
read. This test was used at each pre and post-training test, as well as the reading evaluation at the end of the
school year (Table 3).

Evaluation of meaningful text reading (at t,or t;) was performed using the French standardized reading test
“Monsieur Petit” test®. Children were presented with a text and asked to read it as quickly and accurately as
possible during 1 min. The number of words correctly read per minute (fluency) and errors were counted. This
test was used for the evaluation at the end of the school year (Table 3).
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General cognitive abilities

Fluid intelligence (at t, or t,) The age-standardized Matrix task from the WPPSI-IV®' was used to assess fluid
intelligence. The child had to choose a missing drawing amongst several to complete each matrix of drawings
in a logical manner. Prior testing, example items were presented to the child with feedbacks. 26 matrices were
presented in total. Those who were between 5 and 6 years old begun at the fourth item, and those more than 6
years old at the seventh item (previous items were considered as correct). The test is stopped when the child gave
3 incorrect answers in a row. The child earned 1 point for each correct response. The maximum raw score was 26,
which was standardized following the test guidelines (maximum standard score =20) (Table 3).

Selective attention (at t, or t,) Selective attention was assessed using the child-friendly version of the Flanker
fish test®? based on the basic Eriksen flanker task®. Stimuli were presented using Inquisit 5 software. The child
saw five fishes on the screen, and had to press the keys to indicate the orientation of the fish at the center (left or
right). In congruent trials, the orientation of all five fishes was the same, whilst in incongruent trials, the orienta-
tion of the fish at the center was opposite to that of the other four fishes. Beforehand, to familiarize with the task,
children had two training blocks with 20 trials each. The time limit for each trial was 3000 ms. After the training
blocks, children completed three blocks of 40 trials. Individual measures of selective attention were obtained by
subtracting mean RT for valid congruent trials was to mean RT of incongruent trials (Table 3).

Working memory (at t, t, and t,) Children performed the Digit span task from the WISC-IV battery®* in which
the experimenter read out loud a string of numbers to the children. They then had to repeat the sequence in a
direct or reverse order (Table 3). Children began with strings of two digits, if they repeated correctly two strings
in a row, the next two trials would contain one additional number for each string. If children missed two trials
in a row, the test is interrupted. The raw score was computed for both orders with a maximum of 16 points for
each and converted to age-standardized scores. Since the standard score of this test is only available for children
older than 6 years-old, and some of the children in the group 2 did not reach this age at t,, we assessed this task
again at t,.

Vocabulary (at t, and t,) Vocabulary skills were assessed using the Vocabulary subtest from the WPPSI-IV®.
The experimenter asked children to describe different words, from concrete to abstract ones (e.g. “Can you tell
me what is a doctor?”). Oral responses were noted and each answer was evaluated (from 0 to 2 points) using
criteria defined in the Manual Scoring of the battery. The maximum raw score goes up to 43 and was converted
to an age-standardized score (maximum standard score =20) (Table 3).

Rapid Automatized Naming (at t,and t,) : Rapid Automatized Naming was assessed using the battery OD-
EDYS2%. Children were presented two sheets (A4 format) of 25 items, the first one with letters and the second
with images. Items were displayed in a 5X 5 array: in each trial, 5 items (letter or image) were repeated 5 times
over each line in a quasi-random order. Children had to name sequentially the items as quickly as possible. Be-
fore the assessment, the experimenter showed the children the 5 items to ensure they can name them correctly
and if not, instructed them how to name them. The experimenter noted the duration of the task and the number
of errors. Naming fluency was calculated for each trial by dividing the number of correctly named items to the
duration of the task in minutes (Table 3).

Visual attention span (at t,and t,) Visual attention span was assessed using the Global report test®, on the same
tablet used for digit-tracking reading tasks described above. At each trial, children first saw a fixation cross indi-
cating the onset of the trial. Then, 4 consonant letters appeared briefly during 200 ms. The letters were displayed
in Geneva police, size 24, with a distance of 1 cm between letters. Children were then asked to report the letters
they just saw. Displayed letters were chosen carefully to avoid forming graphemes (e.g. ‘gr, ‘ph’). The visual
attention span score was computed as the total number of letters reported across 20 trials (max = 80) (Table 3).

Preprocessing of finger kinematics data

Data were pre-processed and processed using homemade Python 3.7 and R (version 3.6.2) scripts®”¢. Finger
touch coordinates were collected at 60 Hz sampling rate (every 16.7 ms), as percentage of screen (width for
X-coordinates and height for Y-coordinates), then converted into coordinates pixels. For each child and trial, we
computed an individual median speed (after excluding all null values). This individual median speed threshold
was used as a cut-off between digital fixations (i.e. when the finger moves slower than the median speed of the
individual) and digital saccades (i.e. when the finger moves faster than the median speed of the individual). The
median speed was chosen as threshold value for empirical reason: it is the threshold value that maximizes the
number of fixations detected across a large range of speed thresholds. The digital fixation duration is computed
as the total duration before the next digital saccade (in milliseconds); the digital position of fixation (X, Y) is
computed as the barycenter of all the position belonging to this digital fixation. If two fixations with a distance
lower than 5.8 pixels in X and 6.4 pixels in Y, they were then merged. The number of digital fixations is computed
as the number of contiguous points streak where the finger moves slower than the median speed during the trial
or over the stimulus in the region of interest.

The digital saccade length is the distance between two consecutive fixations, computed as the differences in
millimeters between coordinates of the fixation at the end and at the beginning of the saccade. A digital saccade
was defined as progressive if the X-coordinate of the last point is greater than the X coordinate of the first point
and regressive otherwise. As children made long return-sweeps (regressive digital saccades made while jumping
to the next line), the average saccade length might be overestimated. To overcome this problem, we excluded all
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digital saccades whose projected length in Y-axis was superior to 50 pixels or 6.77 mm - the distance between the
bottom of the line N and the top of the line N+ 1.

Statistical analysis

Data were analyzed using R software (version 3.6.2, R Development Core Team, 2018) and the Imer function
from the Ime4 package (version 1.1.-10)%. For each finger kinematic variable, we look at the effect of timepoint
(3 levels: 1st grade-beginning vs. 1st grade-end vs. 2nd grade-end), of unblurring window size (small vs. large)
and of decoding skills at the moment of testing (good vs. poor decoder). Similar analysis in which we use other
reading scores (Pseudowords, meaningless text and meaningful text reading) assessed at t, or t, to determine
good versus poor readers are also reported in Supplementary Information. Linear Mixed Models (LMM)
were preferred over repeated-measures ANOVA as it can handle missing data, violations of distributional
assumptions’’, heterogeneous sample sizes across or within groups and interindividual variations®®*’. For
clarity and readability, we reported main effects and interactions of LMMs using type III F-test output with
Satterthwaite’s method of estimating degrees of freedom. Graphics are built using ggplot2 package’!. We
established a significance level of p <0.05 for all statistical analyses, except when Bonferroni corrections were
applied to post-hoc comparisons to control for Type I errors.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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