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Abstract

Background: Reading is a unique human skill. Several brain networks involved in this complex skill mainly involve the left hemisphere language areas.
Nevertheless, nonlinguistic networks found in the right hemisphere also seem to be involved in sentence and text reading. These areas do not deal
with phonological information, but are involved in verbal and nonverbal pattern information processing. The right hemisphere is responsible for global
processing of a scene, which is needed for developing reading skills.

Aims: Caffeine seems to affect global pattern processing specifically. Consequently, our aim was to discover if it could enhance text reading skill.
Methods: In two mechanistic studies (n=24 and n=53), we tested several reading skills, global and local perception, alerting, spatial attention and
executive functions, as well as rapid automatised naming and phonological memory, using a double-blind, within-subjects, repeated-measures design
in typical young adult readers.

Results: A single dose of 200 mg caffeine improved global processing, without any effect on local information processing, alerting, spatial attention
and executive or phonological functions. This improvement in global processing was accompanied by faster text reading speed of meaningful sentences,
whereas single word/pseudoword or pseudoword text reading abilities were not affected. These effects of caffeine on reading ability were enhanced

by mild sleep deprivation.

Conclusions: These findings show that a small quantity of caffeine could improve global processing and text reading skills in adults.
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Introduction

Reading is a unique human skill practiced by millions of people
daily. Reading achievement is dependent on several cognitive
skills. In particular, visual-orthographic and auditory-phonologi-
cal left brain networks and their connections (see Dehaene et al.,
2015 for a review), which are also employed for other daily activ-
ities, contribute to the acquisition of reading skills (e.g. Carroll
et al., 2016; Franceschini et al., 2017; see Hancock et al., 2017
for a recent review). The first analysis of a written word or a
sentence is visual. Visual stimuli are processed hierarchically: the
right hemisphere is responsible for the first global perception of
the visual scene, whereas the left hemisphere underlies the later
local perception of detail in the stimuli (e.g. Delis et al., 1986;
Martinez et al., 1997; Sergent, 1982; Wiesmman and Banich,
1999; Yamaguchi et al., 2000; see for a review Kauffmann et al.,
2014). This hierarchical analysis is driven by the fronto-parietal
attentional network (Wiesmman et al., 2006; Wiesmman and
Woldoroff, 2004), and linked to occipital visual pathway func-
tioning (Proverbio et al., 1998), and it is an essential component
of our visual system (Navon, 1977). Consequently, a so-called
‘Navon figure’, a large circle composed of small squares, will
first be perceived as a circle and not be seen as multiple small
squares (e.g. see Figure 1).

During reading acquisition, this right-to-left hemisphere per-
ceptual sequence probably plays a pivotal role. Analysis of the
global pattern, before local analysis of the single letters inside a
word, as well as of sentence shape before the local analysis of a

single word in the text, may rapidly narrow down the range of
candidates in a local region and enable assignment of their cor-
rect location (Hochstein and Ahissar, 2002).

The right hemisphere does not host phonological information
(Vigneau et al., 2011). However, only during sentence/text pro-
cessing, related to context processing, has specific right hemi-
sphere involvement been described, but not during lexical or
sublexical processing (Vigneau et al., 2011). Horowitz-Kraus
et al. (2014) showed that in young adults, activation of the right
inferior frontal gyrus and the structural connectivity of the right
fasciculus arcuatus are specifically connected to reading compre-
hension of sentences, whereas the same structures were not
involved in a single word reading task. Thus, they demonstrated
the existence of a dissociation between the word and narrative
levels of reading performance in typical readers. The structural
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Figure 1. Computerised Navon task. (a) Description of the Navon tasks (global and local). Participants - using two buttons on computer keyboard
- had to indicate whether the global (or local) figure was a square or a circle, independently from local (or global) figures. (b) In the local task,
incongruent targets need more time to be discriminated independently from caffeine or placebo intake. (c) In the global task incongruent targets
need more time to be discriminated only after placebo intake, whereas after caffeine intake the difference between congruent and incongruent

condition disappear. Error bars represent mean standard errors.

connectivity of the same areas of the right hemisphere strongly
predicted narrative comprehension, evaluated using a sentence—
picture matching task (Horowitz-Kraus et al., 2015). This right
fronto-parietal network involvement in lexico-semantic tasks
probably enables the deployment of additional attentional
resources to manipulate information retrieved from working
memory (Vigneau et al., 2011; Zago et al., 2008). Single-pulse
transcranial magnetic stimulation to the right, but not the left,
frontal eye field, which is strongly linked to the posterior parietal
cortex, is indeed able to interfere with the deployment of atten-
tional resources (Ronconi et al., 2012).

Consistent with a possible involvement of global processing,
controlled by the right hemisphere, in reading efficiency,
Franceschini et al. (2017) showed a specific deficit in global per-
ception in children with developmental dyslexia. In particular,
two different remediation programmes — one based on time-con-
strained sentence reading (Breznitz et al., 2013) and one based on
action video games (see Peters et al., 2019 for a recent review) —
were able to improve both global perception in a Navon task and
reading efficiency (Franceschini et al., 2017).

Hoeft et al. (2011), studying the neural systems involved in
remediating reading difficulties, showed that the right inferior
frontal gyrus and the right fasciculus arcuatus are critical areas
for reading improvements in children with developmental dys-
lexia. Moreover, in a prospective longitudinal study evaluating a
large group of pre-reading children in the last year of

kindergarten, the development of hierarchical global-to-local
processing in a Navon task specifically predicted their future text
reading abilities in the first grade of primary school (Franceschini
et al., 2017). Together, these studies show that the right fronto-
parietal areas are involved in the information processing of com-
plex patterns such as text.

Caffeine (1,3,7-trimethylxanthine) is one of the most widely
consumed psychoactive substances (Einother and Giesbrecht,
2013; Ferré, 2008; Heckman et al., 2010; Smith, 2002). It seems
to affect the nervous system by inhibiting the binding of adeno-
sine and benzodiazepine to receptors on nerve membranes, thus
reducing the normal inhibitory effects of these ligands. However,
caffeine also affects many other neurotransmitter systems,
including noradrenaline, dopamine, serotonin, acetylcholine,
glutamate and gamma-aminobutyric acid (Fredholm et al., 1999).

Meta-analyses of several double-blind studies has confirmed
that caffeine improves physical exercise performance, probably
by reducing feelings of exhaustion (Doherty and Smith, 2005;
Ruxton, 2008). It also appears to counter both the physical and
cognitive effects of sleep loss (McLellan et al., 2016), and these
effects are larger the less the sleep debt (Linde, 1994). It does
more than merely restore performance degraded by sleep depriva-
tion, muscular fatigue, or boredom (Weiss and Laties, 1962); ben-
eficial effects of caffeine have been observed not only in simple
reaction times for stimulus detection but also in more complex
cognitive tasks, in which active monitoring and coordination of
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Table 1. Descriptive statistics: age, mean daily caffeine intake, performance in standardised reading tasks mean (and standard deviation) of the two

groups of participants in the first and second study.

First study n=24 Second study n=53

Mean (SD) Mean (SD)
Age mean (years) 25 (4.7) 21 (1.66)
Caffeine daily intakes average (mg) 103 (87) 111 (56)
Word list reading speed (Z score) -0.44 (0.92) -0.62 (0.93)
Word list reading accuracy (Z score) -0.42 (1.32) 0.06 (1.03)
Pseudo-word list reading speed (Z score) 0.08 (1.13) 0.04 (0.97)
Pseudo-word list reading accuracy (Z score) -0.20 (1.05) -0.42 (1.29)

SD: standard deviation.

behaviour are necessary (e.g. in choice reaction and rapid visual
information processing tasks; see Einéther and Giesbrecht, 2013;
Nehlig, 2004). Mixed results have been observed for the effects of
caffeine on short-term memory, in particular for verbal and writ-
ten materials (McLellan et al., 2016). Cognitive tasks that involve
abilities like arithmetic, writing speed and memorization of writ-
ten materials were not significantly affected by caffeine (Nehlig,
2004; Weiss and Laties, 1962). Interestingly, in narrative compre-
hension tasks where the participant has to read a sentence and to
evaluate whether the represented picture is correct, caffeine was
found to improve speed and accuracy (Nehlig, 2004).

Caffeine seems to facilitate the identification of the global
pattern in a Navon figure without changing identification of the
local components (Mahoney et al., 2011). Moreover, in line with
research on logical reasoning (Nehlig, 2004), cafteine seems to
enhance the global pattern analysis of sentences, improving the
detection of morphosyntactic violations during a proofreading
task, but leaving unaffected the ability to detect misspelled words
(Brunyé et al., 2012).

Based on these studies, we postulated that caffeine, through
its effects on global perception, logical reasoning and lexico-
semantic tasks, might also have beneficial effects on reading
tasks. Testing typical young adult readers, we expected that caf-
feine would affect text reading with no effects on other reading
skills or cognitive functions related to reading, such as working
memory or phonological skills (Bruny¢ et al., 2012; Franceschini
et al., 2017; Horowitz-Kraus et al., 2014; Vigneau et al., 2011).

A first study was conducted to test for beneficial effects of
caffeine on reading and to estimate their effect size. To elucidate
the specific connections between different attentional-perceptual
skills and reading enhancement, we conducted a second study.

Materials and methods

A double-blind, repeated-measures design was used in two mech-
anistic studies. The goal of a mechanistic study is to identify the
mechanism(s) of action of an intervention on cognitive enhance-
ment. In other words, the question is not whether, but how.
Mechanistic studies test an explicit hypothesis, generated by a
clear theoretical framework, about the mechanism of action of a
particular cognitive enhancement (Green et al., 2019). The esti-
mation of the effect size of caffeine on reading skills measured in
the first study was used to define the sample size for the second
replication study. Caffeine’s bitter taste was masked by using a
bitter drink, thus allowing a real double-blind design (see

Supplementary Material). The order of administration of caffeine
or placebo solutions was counterbalanced (200 mg cafteine or
placebo; placebo or 200 mg caffeine; about two espressos) across
participants. The entire investigation process was conducted
according to the principles expressed in the Declaration of
Helsinki. Written informed consent was obtained from all sub-
jects, and all procedures were jointly approved by the HIT Ethics
Committee of the University of Padua.

Participants

The first study involved 24 volunteers (18 female) who were low
and normal habitual caffeine consumers (Barone and Roberts,
1996; see Table 1). Participants were tested twice at 1-7 days
apart. Evaluations were scheduled in the morning, at the same
hours (also see Supplementary Material).

Fifty-three low-to-normal habitual caffeine consumers (41
female; see Table 1) participated in the second replication study.
Participants were tested twice at seven days apart, using the same
procedural design of the first study. For each participant, a saliva
sample was collected 30 min after the beverage intake (at the begin-
ning of the administration of tasks; see Supplementary Material).

All the participants were invited to attend two meeting ses-
sions. They were asked, before each session, to avoid consuming
foods containing caffeine for 12 h and to sleep a number of hours
adapted to their habits. At the beginning of the experimental ses-
sion, each participant was asked how many hours she/he had
slept. This information was used to calculate the slept debt (pla-
cebo minus caffeine session). The participants were aware that in
one of the two sessions they would have to drink a beverage con-
taining caffeine, and in the other they would drink the same bev-
erage without caffeine.

Procedures and methods

Reading and reading-related abilities evaluations

Standardised reading test. We measured the reading lev-
els of the participants using standardised word and pseudoword
lists reading test (Stella and Tintoni, 2007) at the first experi-
mental session before the administration of caffeine or placebo.
See Table 1 for descriptive statistics, as well as the Supplemen-
tary Material.

All the tasks described below were administered in a ran-
domised order.
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Word text reading. Text reading abilities were evaluated
using two texts of similar length and reading difficulty (Judica
and De Luca, 1993). Reading speed (syllables per second) and
number of errors were measured.

The two texts were administered in counterbalanced order
in the two sessions between the different participants.
Participants were invited to read each text aloud as quickly and
as accurately as possible. A word that was wrongly read was
counted as one error independently from the quantity of wrong
letters or syllables pronounced. Self-correction was counted as
a 0.5 error.

Pseudoword text reading. Phonological decoding ability
was measured using two texts, each of 46 pseudowords composed
of 1-3 syllables (same syllables in different order for both texts)
for a total of 100 syllables for each text (Franceschini et al., 2016).
The two texts were administered in counterbalanced order in the
two sessions between the different participants. Reading speed
(syllables per second) and the number of errors were measured.
All participants were invited to read each text aloud as quickly
and as accurately as possible. A pseudoword that was wrongly
read was counted as one error independently from the quantity
of wrong letters or syllables pronounced. Self-correction was not
classified as error.

Lexical long-term memory. Two texts of similar length and
complexity (Costanzo et al., 2012) were administered in ran-
domised and counterbalanced order in the two sessions. After
(silently) reading the text without time limits, the participants
were invited to answer ten questions concerning particular con-
tents in the text just read.

Two examples of questions:

1.  How are the leaves? A. Wide and shiny; B. Thin and
shiny; C. Long and shiny; D. Wide and bright;

2. What’s near the plant? A. Curtain and umbrella stand; B.
Tent and watering can; C. Watering can and umbrella
stand; D. Curtain and another vase.

Rapid automatised naming. Two lists of 30 colour-filled
squares (red, green, yellow, and blue; six rows of five squares
each) were presented to participants in counterbalanced and ran-
domised order on an A4 sheet of paper. Participants were invited
to name aloud each colour as quickly and accurately as possible.
Response time was measured in seconds.

Anxiety evaluation. We used a 20-item questionnaire adapted
from the State-Trait Anxiety Inventory (Lazzari and Panchieri,
1980) to evaluate the state of anxiety. The total score was mea-
sured and analysed.

Second study: Additional procedures and
methods

Computerised reading tasks. The experimental procedure and
data acquisition for the computerised tasks were controlled using
E-prime 2.0 (Psychology Software, Inc.) running on an 18-inch
screen. The viewing distance was set to 50 cm.

Single word reading task. Two lists of 72 words, paired
for number of letters (6-9) and use frequency (List 1 mean=123,
standard deviation (SD)=183; List 2 mean=123.5, SD=178), were
used. The two lists were administered in counterbalanced order in
the two sessions between the different subjects. Participants were
instructed to keep their eyes on the fixation point (0.1° and 0.6 cd/
m?) for the duration of the trial. A black cross fixation appeared on
a grey computer screen (40 cd/m?). After a randomised quantity
of time (1500-2000 ms), one word (colour=black, font=Courier
New, size=18, 0.4° for each letter) appeared at the centre of the
screen. The target word remained on the screen until the partici-
pant answered. When the microphone was activated, the word
was replaced by a mask. Vocal response time (in ms) and accuracy
of each single response were recorded. Words that were wrongly
read were counted as one error independently from the quantity
of wrong letters or syllables pronounced. Five training trials were
proposed before the experimental session.

Single pseudoword reading task. Two lists of 36 pseudow-
ords, paired for number of letters (6-9), were used. Pseudowords
were made up starting from the word reading task lists, inverting
syllables and in some cases changing syllables between the two
lists. The administration procedure was the same as the single
word reading task. Vocal response time (in ms) and accuracy of
single responses were recorded. Five training trials were pro-
posed before the experimental session.

Perceptual Navon task. Global and local Navon tasks were
administered in counterbalanced order within and between par-
ticipants (see Franceschini et al., 2017 for details). Geometric
figures were shown on a computer screen: a square or a circle
(9.5°X9.5°) at a global level, which could be formed by small
squares or circles (1.3°X1.3°) at the local level (see Figure 1(a)).

Global task: the participant had to indicate the global figure
pressing one of two keyboard buttons. Stimuli features were
either congruent or incongruent: in the congruent condition
the global figure had the same shape as local figures (a big
square composed by little blue squares, 8 cd/m?), whereas
in the incongruent condition the global figure had a differ-
ent shape from local figures (a big circle composed by little
blue squares). Response time (in ms) and accuracy of single
responses were recorded. The accuracy rate was at ceiling
(greater than 0.95 in all the conditions), and consequently was
not analysed.

Local task: the local Navon task had exactly the same struc-
ture as the global Navon task. In this case, a participant had to
indicate the local figures. Response time (in ms) and accuracy
of single responses were recorded. The accuracy rate was at
ceiling (greater than 0.95 in all the conditions), and conse-
quently was not analysed.

Attentional Network Task. Participants were instructed to keep
their eyes on the fixation point for the duration of the trial (see Figure
2(a)). Each trial started with a grey display (40 cd/m?) and the black
fixation point (2000 ms and 0.6 cd/m?). One of four possible cue
conditions (no cue, double cues, valid or invalid cue with 50% of
predictivity) appeared for 50 ms. In the no cue condition, only the
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Figure 2. Attentional Network Task. (a) Description of the Attentional Network Task. Participants, using two buttons on computer keyboard, had to
indicate whether the central arrowhead (that could appear isolated or flanked by congruent or incongruent arrowheads) was oriented towards left or
right. The target could be preceded by valid (an asterisk in the same position of the target), invalid (opposite position), double cue (both positions)
or by fixation point only (no cue condition). (b) Response time (in ms) after caffeine and placebo intake in presence of no flankers, congruent

and incongruent flankers. Comparing caffeine and placebo response time, all ps were greater than 0.56; Cohen’s d=0.08, 95% confidence interval
(CI)=-0.19-35; Bayesian factor (BF),,=5.677. (c) Response time (in ms) after the four different cue conditions. Comparing caffeine and placebo
response time, all ps were greater than 0.458, Cohen’s d=0.032 95% (I=-0.237-301; BFy=5.117. Error bars represent mean standard error.

fixation point was presented. In the valid cue condition, an asterisk
(1° and 0.6 cd/m?) appeared above or below (3.4°) the fixation point
(0.5° and 0.6 cd/m?), in the same position where the target appeared,
whereas in the invalid cue condition, the asterisk appeared in the
opposite location of the target. In the case of double cues, two aster-
isks appeared together in both possible locations of the target. After
100 ms with only the fixation point presented on the screen, the
target appeared for 100 ms. The target was an arrowhead oriented
right or left (1° and 0.6 cd/m?) that could appear alone or flanked by
four arrowheads (5.7° the four distractors and the central target) ori-
ented in congruent or incongruent direction with the target. As soon
as the target disappeared, the fixation point became blue (1 cd/m?).
The participant could indicate as quickly as possible the direction of
the target, pressing one of two keys (Z or M) on the computer key-
board. The experimental session was composed of 480 trials, plus
eight trials used in the training session. Response time (in ms) and
accuracy of single responses were recorded. Accuracy was at ceiling
in both sessions (caffeine mean rate=0.94, SD=0.07; placebo=0.93,
SD=0.09), and consequently not analysed.

Phonological short-term memory

Participants listened to a series of pseudoword trigrams.
Participants had to repeat each trigram in the correct sequence. A

couple of trigrams were presented. If a participant repeated at
least one of them correctly, then a new couple with an additional
trigram was proposed. If both lists were wrongly reported, then
the task was interrupted. One point for each correctly repeated
phoneme was assigned. The series started with two trigrams in
each couple and continued up to a maximum of eight trigrams.
The total number of correct phonemes was measured. Trigrams
were different (counterbalanced) in the two evaluations.

Results

Reading skills

In the first study, a comparison of reading speed measured in syl-
lables per second (syll/s) on two reading word texts showed that
consumption of a single dose of 200 mg of caffeine significantly
improved reading speed (mean=5.8, SD=0.84) compared to
placebo consumption condition (mean=5.69, SD=0.75; =1.911,
p=0.035, one-tailed), without significantly affecting the number
of errors (see Table 2).

The presence of a beneficial effect of caffeine on word text
reading speed was confirmed in the second replication study.
Analysis of text reading performance established that after caf-
feine intake, participants significantly improved their reading
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Table 2. Results summary table. Performance in reading, verbal memory tasks, the state anxiety questionnaire and hours of sleep before

experimental session of participants in the first and second study.

First study (n=24)

Caffeine mean (SD) Placebo mean (SD)

t Test and p value Cohen’s d and 95% CI  BF

Word text (syll/s) 5.80 (0.84) 5.69 (0.75) t23=1.911, p=0.035 0.39 BF,,=1.017
one tailed -0.029-0.802

Word text errors (number) 8.21 (6.08) 9.15 (4.52) t(23=—0.839, p=0.41 -0.171 BF,,=3.391
-0.572-0.234

Pseudoword text (syll/s) 3.42 (0.64) 3.41 (0.65) t(23=0.107, p=0.916 0.022 BFy=4.634
-0.379-0.422

Pseudoword text errors (number) 2.54 (2.38) 2.71 (1.81) t(23=—0.368, p=0.716 ~ -0.075 BF,,=4.379
-0.475-0.326

Lexical long term memory (correct) 5.42 (1.44) 5.42 (1.59) t(23<0.0001, p=0.999 0 BF,,>30
-0.566-0.566

Rapid Automatised Naming (s) 15.98 (2.76) 16.51 (2.58) t(23)-1.313, p=0.202 -0.268 BFy=2.175
-0.673-0.142

Anxiety (STAI raw score) 36.04 (8.09) 34.96 (7.92) t23<0.865, p=0.396  0.177 BF,,=3.324
-0.229-0.578

Hours of sleep before experimental sessions ~ 7.41 (0.61) 7.18 (1.14) t(25=1.038, p=0.31 0.212 BF,,=2.874
-0.195-0.614

Second study (n=53)

Word text (syll/s) 5.90 (0.92) 5.81 (0.88) tsz=2-139, p=0.037  0.294 BF,,=1.216
0.017-0.568

Word text errors (number) 8.25 (4.27) 8.27 (4.79) tis2=—0.041, p=0.968  -0.006 BF,,=6.673
-0.275-0.265

Pseudoword text (syll/s) 3.61(0.72) 3.68 (0.71) ts2=—0.808, p=0.423  -0.111 BF,,=4.903
-0.38-0.16

Pseudoword text errors (number) 2.53 (1.85) 2.98 (2.38) tisey==1.25, p=0.217 -0.172 BF,,=3.2
-0.442-0.1

Single word (ms) 515 (84) 521 (76) t(52=0.908, p=0.368  -0.125 BF,=4.521
-0.394-0.146

Single word accuracy (rate) 0.99 (0.02) 98 (0.02) t(52=1.061, p=0.293 0.146 BF,,=3.925
-0.126-0.416

Single pseudoword (ms) 774 (165) 774 (160) ts2==0.027 p=0.978  -0.004 BF,,=6.676
-0.273-0.266

Single pseudoword accuracy (rate) 0.85 (0.10) 0.86 (0.09) ts2=1.193, p=0.238  -0.164 BF,,=3.418
-0.434-0.108

Rapid Automatised Naming (s) 15 (2.81) 15 (2.97) ts=—1.156, p=0.253  -0.159 BF,,=3.561
-0.429-0.113

Phono short-term memory (n phonemes) 50 (17) 51 (15) ts2=—0.389, p=0.699  -0.053 BF,,=6.214
-0.323-0.216

Lexical long-term memory (correct answers)  5.75 (1.62) 5.57 (1.58) t(52=0.629, p=0.532 0.086 BF,,=5.535
-0.184-0.356

Anxiety (STAI raw score) 34.51 (6.93) 35.85 (6.02) ti-1.51, p=0.136  -0.208 BF,,=2.29
-0.479-0.065

Hours of sleep before experimental sessions ~ 7.16 (1.29) 7.05 (1.36) t(52=0.615, p=0.541 0.084 BF,,=5.58
-0.186-0.354

CI: confidence interval; SD: standard deviation.

speed (syll/s=5.90 SD=0.92), in comparison to the placebo con-
dition (syll/s=5.81, SD=0.88, 5,=2.139, p=0.037), without sig-
nificantly affecting the number of errors (see Table 2).

A t-test on the entire sample of participants (24+53=77 par-
ticipants) showed a significant difference in text reading speed
(caffeine mean syll/s=5.87, SD=0.89; placebo mean=5.77,
SD=0.84; #,5,=2.843, p=0.006, Cohen’s @=0.329, 95% confi-
dence interval (CI)=0.094-0.552; Bayesian factor (BF),,=5.185;
see Figure 3 and Supplementary Material). To estimate the

statistical power of our data, we carried out a post-hoc power
analysis (a err prob: 0.05): power (1-f error prob) was 0.81
(G.power; http://www.gpower.hhu.de/).

To test for possible gender difference effects of caffeine
(Adan et al., 2008), we conducted an additional exploratory non-
parametric analysis (Wilcoxon) on text reading speed both in
female and male subsamples. In the female subsample, the differ-
ence was not significant (Z=—1.691, p=0.091 Cohen’s d=0.229,
95% CI=-0.031-0.487; BF,,=0.603), whereas in the male
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Figure 3. Text reading speed. Mean reading speed in word text reading
(syllables per second) of the 77 participants of our study. The same
participants read two passages of similar difficulties after caffeine or
placebo intake. Caffeine significantly improved reading speed. Error
bars represent mean standard error.

subsample the difference was significant (Z=—2.069, p=0.039
Cohen’s d=0.619, 95% CI=—0.105-1.117; BF ,=3.302).

The improvements consistently observed in both studies in
word text reading speed were not generalised to other reading
tasks. Phonological decoding speed and errors, measured with
texts composed by pseudowords, as well as the access to the pho-
nological lexicon, measured with a rapid automatised naming of
colours, were not influenced by caffeine intake (see Table 2).
Improvement in text reading speed did not appear to be due to a
faster decoding of the single elements that compose the string of
letters or a faster access to phonological lexicon.

In the second study, we also added to these tasks a more sensi-
tive computerised evaluation of reading skills. In this task, single
words or pseudowords were presented and accuracy and vocal
response times were registered: no significant effect due to caf-
feine intake was found (all ps>0.23; see Table 2). Reading speed
improved only when words were organised in sentences.

Memory tasks

In both studies, we tested the influence of caffeine intake on lexi-
cal long-term memory abilities. A multiple-choice questionnaire
about information contained in a brief text just read (different
from the one used to evaluate reading speed and accuracy) was
administered. Performance was not modified by caffeine intake
(see Table 2). In the second study, we also tested the phonological
short-term memory (memory of trigrams): again, caffeine did not
influence the number of correctly repeated phonemes. Reading
improvement was not accompanied by improvement in long-
term or short-term phonological memory skills.

Perceptual Navon task

We observed that caffeine intake led to better extraction of global
information without the influence of local details. In the Navon
global task, after placebo intake, the small (local) incongruent
figures negatively influenced the choice response time of the

participants (#s,=—3.553, p=0.001 Cohen’s d=—-0.488, 95%
CI=—0.771- —0.201; BF;,=0.03). In contrast, after caffeine
intake, local congruent and incongruent figures produced similar
interference (#5,,=0.331, p=0.742; Cohen’s d=-0.046, 95%
CI=-0.315-0.224; BF;,=0.03; see Figure 2(c) and Supplementary
Material). The incongruence effect (incongruent minus congru-
ent response time) results were significantly different between
placebo (mean=29 ms SD=59) and caffeine (mean=3 ms, SD=65,
45272406, p=0.02, Cohen’s d=—0.33, 95% CI=-0.605— —0.052;
BF,,=2.058).

We tested the possible difference in genders (Adan et al.,
2008) in the performance in the global Navon task. Exploratory
nonparametric analysis showed that in both male and female
samples, in placebo conditions, the small incongruent figures
negatively influenced the choice response time of the participants
(female Z=—2.754, p=0.006, Cohen’s d=0.494, 95% CI=0.712—
0.187; BF,,=4.378; male Z=—2.197, p=0.028, Cohen’s d=0.718,
95% CI1=0.913-0.257; BF,,=3.183); after caffeine intake, both
subsamples showed a similar interference effect from congruent
and incongruent local figures (female Z=—0.901, p=0.368,
Cohen’s d=0.161, 95% CI=—0.473-0.186 BF;=5.919; male
7Z=—0.706, p=0.48, Cohen’s d=—0.231 95% CI=—0.704-0.385;
BF;,=2.196).

However, the size of the incongruence effect in individuals
did not predict their improvements in reading speed (=—0.01,
p=0.95). Consequently, to evaluate the possible nonlinear con-
nection between global perception and reading skills, we com-
puted the odds ratio between two categorical variables: the
reduction in the incongruence effect (incongruence effect in pla-
cebo minus incongruence effect in caffeine condition, greater
than zero) and an improvement in text reading speed (syllable per
second in caffeine minus placebo, greater than zero). The odds
ratio was 2.88 (95% CI=0.9-9.17), indicating a moderate relation
between the two variables.

It could be supposed that caffeine simply boosted the execu-
tive functions facilitating the inhibition in the incongruent condi-
tion. This hypothesis was not confirmed by the analysis in the
Navon local task. In this case, executive functions played a deter-
minant role: the global information came first and needed to be
ignored to allow a rapid identification of the local information
(Navon, 1977). In the Navon local task, the caffeine effect was
not significant: incongruent figures, compared to congruent fig-
ures, needed more time to be discriminated both after caffeine
(t5=—4.411, p<0.0001; Cohen’s d=-0.606, 95% CI=-0.897—
—0.31; BF(=30) and placebo intake (s,=-2.131, p=0.038;
Cohen’s d=—0.293, 95% CI=-0.566— —0.016; BF,=1.198; see
Figure 2(b)). In this task, the incongruence effect was not differ-
ent in the two sessions (caffeine mean=23 ms, SD=39; placebo
mean=19 ms, SD=66, {5,=—0.478, p=0.653 Cohen’s d=0.065,
95% CI=—0.205-0.334; BF ,=0.167).

Attentional network task

The attentional network task was administered to evaluate the
effects of caffeine on (a) alerting (the ability to activate a state of
vigilance after the appearance of a cue); (b) orienting (the ability
to rapidly orient visual attention towards a pre-cued direction);
(c) disengagement (the ability to rapidly reorient attention from
an uncorrected pre-cued direction); and (d) executive functions
(the ability to ignore the presence of incongruent flanker
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Table 3. Attentional abilities. Comparison of caffeine and placebo intake on response time (ms) in the attentional network task: alerting (no
cue minus double cue), orienting (double minus valid cue), disengagement (invalid minus valid cue) and executive functions (incongruent minus

congruent flanker).

Attentional functions Caffeine mean (SD)

Placebo mean (SD)

t Test and p value Cohen’s d and 95% (I Bayesian factor

Alerting (ms) 18 (19) 25 (29)
Orienting (ms) 17 (19) 12 (19)
Disengagement (ms) 23 (19) 22 (18)
Executive functions (ms) 153 (69) 153 (66)

ts2=-1.624, p=0.11 -0.223 BF,,=1.957
-0.495-0.051

ts2=1.306, p=0.197 0.179 BF,,=2.998
~0.093-0.45

t(52=0.454, p=0.652 0.062 BF,,=6.055
-0.207-0.332

ts=-0.018, p=0.982  -0.002 BF,,=6.678
-0.272-0.267

BF: Bayesian factor; CI: confidence interval; SD: standard deviation.

distractors; Fan et al., 2002; Posner et al., 1984; see Figure 2(a)).
Analyses were conducted on corrected choice response time.
None of the variables investigated were influenced by caffeine
intake (see Figure 2 and Table 3).

State anxiety, sleep variables and caffeine in
saliva samples

To evaluate the possible differences in arousal, the state of anxiety
was evaluated 30 min after caffeine/placebo intake (at the begin-
ning of the behavioural assessments). Scores achieved with the
questionnaire in the two self-evaluations did not differ between pla-
cebo and caffeine intake conditions in both studies (see Table 1).

In addition, the number of hours of sleep, declared before the
caffeine or placebo intake evaluations, were not different at the
two administration times (see Table 2). The caffeine effect in
word text reading speed and in global Navon response times
could not be directly attributed to different amounts of sleep
before the two (caffeine and placebo) experimental sessions.

Nevertheless, there was a relationship between how the sub-
jects had slept before their caffeine trial compared with their pla-
cebo trial and how effective the caffeine was (7=—0.38, p=0.001;
see Figure 4); that is, the higher their sleep deprivation before the
caffeine session the greater their improvement in text reading
with caffeine. A small amount of sleep deprivation seems to cre-
ate a positive effect of caffeine in reading skills. Conversely, a
prolonged period of sleep before caffeine intake (in comparison
to placebo) results in the beneficial caffeine effect vanishing on
text reading speed. But this was not true for the Navon task:
incongruent minus congruent response times in the caffeine ses-
sion minus the same difference in the placebo session and sleep
was not significant (r=—-0.09, p=0.541).

Salivary caffeine (wg/mL) was significantly different in
caffeine and placebo conditions (#s,13.048, p=0.0001, Cohen’s
d=1.792, 95% CI=1.352-2.225; BF ,>30). Salivary caffeine was
higher in the caffeine (mean=4.93, SD=1.8) than in the placebo
(mean=1.48, SD=1.11) condition (see Figure 5). Correlational
analyses between the difference in salivary caffeine in caffeine
and placebo conditions, text reading difference (syll/s), and dif-
ference in Navon global task were not significant (all ps>0.46).
As shown by Brice and Smith (2001), individual differences of
caffeine in saliva samples were not related to individual varia-
tions in cognitive performance.

Discussion

One of the most complex and peculiar abilities of humans is read-
ing. Reading acquisition involves a number of basic cognitive
skills, such as visual and phonological abilities, memory and
attentional and cross-modal integration abilities (e.g. Bertoni,
etal., 2019; Carroll et al., 2016; Chiappe et al., 2002; Franceschini
et al., 2012, 2017; Gori et al., 2016; Snowling et al., 2019).
Reading also requires the ability to integrate different lexico-
semantic information in a global pattern (e.g. Horowitz-Kraus
et al., 2014, 2015; see for a meta-analysis Vigneau et al., 2011).
The importance of all of these abilities is modulated during the
different phases of reading acquisition (Snowling et al., 2019) and
their weight is in relation to the specific reading task (Horowitz-
Kraus et al., 2014).

We demonstrated that a small quantity of caffeine specifi-
cally enhances text reading speed. The reading speed enhance-
ment induced by caffeine could be measured in comparison to
reading development. In particular, the mean improvement in
text reading speed obtained after 200 mg of caffeine (=0.1
syll/s) was higher than the mean improvement expected in a
college student (=0.083 syll/s) after two months of spontaneous
reading development (Stella and Tintoni, 2007). An alternative
‘weight’ of the transient reading speed improvement could be
understood by considering that after consuming 200 mg of caf-
feine, this article could be read while saving about one minute
(see Supplementary Material). In a silent text reading task,
Flory and Gilbert (1943), comparing the effects of about 300
mg of caffeine, 15 mg of benzedrine sulphate and a placebo pill,
showed that, despite each substance appearing to increase read-
ing performance, these reading speed improvements were not
significant. Their results, in light of our data, could be justified
by their reduced sample size.

Word and pseudoword reading speed were not accelerated
after caffeine intake, suggesting that text reading speed improve-
ment could not be due to a faster access to sublexical and lexical
phonological representation of the written words composing the
text. Similarly, we did not observe improvements in phonological
memory or in the rapid automatised naming, confirming that
these cognitive skills could also not be linked to caffeine’s effect
on text reading speed. Left temporo-parietal phonological skills
(Vigneau et al., 2011) are strongly linked to reading acquisition
and development (Snowling et al., 2019), but these skills do not
appear to be enhanced by caffeine.
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Figure 4. Reading improvement and sleep deprivation. Correlation
between difference in syllables for second (performance in caffeine
minus placebo), and the difference of sleep hours (hours of sleep
before caffeine minus placebo condition). The solid line represents the
correlation, between variables, whereas the dashed line represents the
mean improvement in text reading speed.
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Figure 5. Salivary caffeine (g/mL) in saliva samples collected at the
beginning of tasks administration in caffeine and placebo conditions.
Error bars represent standard error mean.

We found a selective effect on text reading speed in line with
the literature that suggests a critical role of right inferior frontal
gyrus and right fasciculus arcuatus in sentence completion, but not
with single-word reading tasks (Horowitz-Kraus et al., 2014). In
line with our results, greater access to semantic information after
caffeine intake has already been shown in the literature. Caffeine
could produce an improvement of semantic abilities, probably by
altering central noradrenergic functioning, whereas improvements
in logical reasoning and encoding of new information appear
linked to the effects on the cholinergic system (Smith et al., 1994,
2003). Different results should be expected in developing brains of
children with reading difficulties. In this case, the same neurocog-
nitive network could be involved in non-automatised single-word

or syllable decoding. Additional attentional deployment could be
involved in the analysis of the global patterns of letters that com-
pose words or syllables (Franceschini et al., 2017; Hoeft et al.,
2011).

Alerting and executive attentional functions could influence
reading performance (Shaywitz et al., 2017), but after 200 mg
caffeine intake we did not observe changes in these skills or in
orienting. Results of the effects of caffeine on the different com-
ponents of the attentional network task are controversial (e.g.
Eindther and Giesbrecht, 2013; Nehlig et al., 1992; Nehlig,
2004). The null effects of caffeine on lexical and sublexical read-
ing routes, as well as on engagement and disengagement mecha-
nisms of visual attention, are in line with some studies suggesting
a possible relationship between the visual attentional orienting
network and word and pseudoword reading acquisition (e.g.
Ekstrand, et al., 2019; Facoetti et al., 2010). However, we could
not exclude the possibility that a larger quantity of caffeine could
also produce observable effects in these cognitive skills.

Performance in the perceptual Navon task shows that caffeine
improves global pattern perception, reducing the interference of
local stimuli. A similar result was shown by Mahoney et al. (2011),
in which different quantities of caffeine — with an asymptotic effect
at about 200 mg — were able to improve global processing in a
similar Navon task using local and global letters stimuli.

Global pattern perception and text reading abilities appear
causally linked in a developing brain (Franceschini et al., 2017).
The improvements in text reading speed and global perception do
not appear to be linearly connected, however, the improvements in
reading and the reduction of local interference during global pro-
cessing are categorically associated in the present study. The dif-
ferent relationship between global pattern perception and reading
speed shown in pre-readers and undergraduate students could be
sought in cognitive developmental mechanisms in which visuo-
perceptual skills might be linearly related to reading acquisition
only during the early developmental stage (Snowling et al., 2019).

Our exploratory analysis of the possible different effects of caf-
feine on males and females seems to confirm larger effects in males
compared to females (Adan et al., 2008). Deficit in global prece-
dence extraction has been described in several neurodevelopmental
disorders: developmental dyslexia (Franceschini et al., 2017), atten-
tion deficit and hyperactivity disorder (Song and Hakoda, 2012)
and autism spectrum disorder (Van der Hallen et al.,, 2015).
Considering that these neurodevelopmental disorders are more fre-
quent in males (American Psychiatric Association, 2013), caffeine
appears to be an interesting candidate for intervention training.
However, our study presents some limitations, such as the unbal-
anced number of males and females, the use of a unique quantity of
caffeine and the absence of a fine semantic task. A larger and bal-
anced sample of participants with and without these developmental
disorders will be necessary to confirm the observed gender differ-
ences and to pave the way for possible future applications.

Our results show that the effect of caffeine on meaningful
word text reading speed was boosted by a small amount of sleep
deprivation. Indeed, if in the previous night one loses two hours
of sleep, then the savings when reading this article will be more
than doubled. Caffeine intake results in different effects in cases
of sleep loss (Caldwell et al., 2008; McLellan et al., 2016; Smith,
2011; Weiss and Laties, 1962), and in the absence of sleep depri-
vation caffeine can impair performance (McLellan et al., 2016).
Indeed, Linde (1994), in a logical reasoning task, showed that
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caffeine intake produced improvement in a verbal sentence com-
prehension and spatial relationship between items reproduction
task after sleep deprivation, whereas after normal sleep a slight
worsening was observed. The correlation found between reading
speed improvement and quantity of sleep provides evidence of
the possible effect of caffeine on specific neurotransmitters
linked to changes in the sleep/waking cycle (Longordo et al.,
2009). Serotonin levels — conditioned by caffeine intake — can
influence visual perception and text reading speed. Sleep depri-
vation stimulates serotonin release (Grossman et al., 2000), and
this neurotransmitter is largely present in the medio- and orbito-
frontal areas of the right hemisphere (Arato et al., 1991).
Interestingly, it has been demonstrated that one night of sleep
deprivation before the administration of a computerised Navon
task negatively influenced the activation of the inferior occipital
cortex and the inferior frontal gyrus, only when the contrast of
the stimuli decreased (Chee and Tan, 2010), a condition that
mainly involves magnocellular-dorsal pathway activity. It is pos-
sible that reading and global visual processing are not directly
connected to each other, but that both networks underlie the same
neurotransmitter system. Nevertheless, further studies are neces-
sary to understand which neural pathways and neuromodulators
regulate the influence of caffeine on cognitive functions.

Thus, caffeine improves text reading speed mainly after a small
amount of sleep deprivation, and this improvement is associated
with a specific enhancement in the extraction of visual global pat-
tern information. Changes in perceptual processing could be the
basis of changes in conceptual processing (Mesulam, 1990; Van
Dantzig et al., 2008). The activation of fronto-parietal areas could
be a part of the network associated with the observed perceptual
and reading enhancements (Serra-Grabulosa et al., 2010).
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