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Abstract. Patients with Alzheimer’s disease (AD) develop progressive language, visuoperceptual, attentional, and oculomotor
changes that can have an impact on their reading comprehension. However, few studies have examined reading behavior in
AD, and none have examined the contribution of predictive cueing in reading performance. For this purpose we analyzed the
eye movement behavior of 35 healthy readers (Controls) and 35 patients with probable AD during reading of regular and high-
predictable sentences. The cloze predictability of words N – 1, and N + 1 exerted an influence on the reader’s gaze duration.
The predictabilities of preceding words in high-predictable sentences served as task-appropriate cues that were used by Control
readers. In contrast, these effects were not present in AD patients. In Controls, changes in predictability significantly affected
fixation duration along the sentence; noteworthy, these changes did not affect fixation durations in AD patients. Hence, only
in healthy readers did predictability of upcoming words influence fixation durations via memory retrieval. Our results suggest
that Controls used stored information of familiar texts for enhancing their reading performance and imply that contextual-word
predictability, whose processing is proposed to require memory retrieval, only affected reading behavior in healthy subjects. In
AD patients, this loss reveals impairments in brain areas such as those corresponding to working memory and memory retrieval.
These findings might be relevant for expanding the options for the early detection and monitoring in the early stages of AD.
Furthermore, evaluation of eye movements during reading could provide a new tool for measuring drug impact on patients’
behavior.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disease that develops over a period of years. AD is
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8000 Bahı́a Blanca, Buenos Aires, Argentina. Tel.: +54 291
4595101/Ext. 3312; E-mail: gerardo.fernandez@uns.edu.ar.

characterized by a loss of neurons and synapses in
the cerebral cortex and certain subcortical regions.
This loss results in gross atrophy of the affected
regions, including degeneration in the temporal lobe
and parietal lobe, and in parts of the frontal cortex
and cingulated gyrus [1]. One of its first manifesta-
tions is an increase in the loss of connections between
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neurons responsible for memory and learning [2, 3].
Patients with early to moderate AD usually show an
impairment of learning and a deterioration of episodic
memory and such symptoms are typically used for a
diagnosis of the pathology [4]. However, certain move-
ment coordination and planning difficulties that may
be present while performing fine motor tasks such as
writing or reading are commonly unnoticed [5–7]. AD
patients are prone to visual and attentional disturbances
[8, 9]. Visual exploration has been characterized during
visual search of emotional facial expressions [10–12]
and has been employed to measure spatial attention in
these patients [13, 14]. Most of these studies reported
longer fixation duration and less systematic explo-
ration during visual tasks.

Healthy human subjects move their eyes during
reading every quarter of a second on the average, send-
ing new information to the brain each time the eyes
remain fixated. In healthy subjects, fixation duration is
usually between 150 and 250 ms, with values stretch-
ing from 100 ms to over 700 ms. The distance the eyes
move in each saccade ranges between 1 and 20 char-
acters, usually moving between 7–9 characters, and
execution of the saccade takes about 20–50 ms [15]. To
make a new fixation, saccades direct the fovea toward
a particular element of interest [16]. The sequence
of fixations and saccades during visual exploration is
crucial for perception and is very effective for sam-
pling information acquisition [17]. Fixation behavior
is the end result of a complex interaction of features of
the explored picture (“bottom up” processing) and the
instruction or question to be solved by the explorer
(“top down” processing) [18–24]. Thus, perception
involves active predictions of upcoming events to grant
smooth sensory analysis [25–27].

A recent study combining eye tracking and fMRI
measures [28] pointed out that AD patients exhib-
ited significantly decreased activation of the frontal
eye field region in comparison to healthy controls dur-
ing the anti-saccade task performance. Such a decline
in inhibition functioning and the corresponding dis-
ruption in frontal lobe activity was suggested as a
symptom of early AD [4]. A study [29] reported
that AD patients evidence a delayed target detection,
exhibiting more fixations and longer fixations times
when searching arrays of letters. This delay could
be interpreted as an inefficiency in planning a search
strategy [4, 30]. On the other hand, memory retrieval
is usually associated with activation of the parietal
cortex, which is also implicated in the attentional
system. A recent work proposes that overt shifts of
attention through eye movements are associated with

higher accuracy of performance in relational visuospa-
tial memory task [31]. Thus, visuospatial attention and
oculomotor planning may reinforce and help to pro-
duce stronger visual representations and more accurate
memory recognitions. Recognition memory, affected
early in the course of AD, is supposed to rely on
two distinct processes: recollection (i.e., retrieval of
details from the encoding episode) and familiarity (i.e.,
acontextual sense of prior exposure) [32, 33]. Rec-
ollection has repeatedly been shown to be impaired
in patients with moderate AD; however, familiarity
seems to be preserved [34]. Because our experi-
mental procedure can check recollection, using our
well-defined sentences we can assess whether this
memory process is impaired or not in mild AD (see
below).

The cognitive control of eye movements is a thriv-
ing area of research, primarily because of the thorough
understanding of the oculomotor system, and the ease
with which eye movements can be measured. Under-
standing eye movement control can also shed light
on the inner workings of attention, inhibitory con-
trol, working memory, and decision-making processes
[18, 35–39]. Networks and structures implicated in a
range of eye movement behaviors are well defined,
including those that measure working memory and
saccadic execution [38–40]. During fluent reading, the
duration of a fixation on a word is influenced by the
syntactic, semantic, and morphological properties of
the words. One of these properties is called cloze
predictability, defined as the probability that the next
word in a sentence be guessed, given only the prior
words of the sentence [41]. The cloze predictabilities
of the past word (word N – 1), of the current word
(word N), and of the upcoming word (word N + 1)
influence fixation duration [15, 27, 42–44]. Recent
work [30, 40, 43, 45] demonstrates that fixation dura-
tion on the word N decreases with increasing cloze
predictability of word N, but increases with cloze pre-
dictability of word N + 1. It is not the effect of the
parafoveal visual presence of the word N + 1 per se
that increases the duration of the fixation on word N.
Instead, it is its likelihood of appearance determined
by the regularities of the sentence that evokes mem-
ory retrieval mechanisms prior to the initiation of the
saccade.

In the present work we investigated whether the
positive N + 1-predictability effect on fixation dura-
tion is linked to memory retrieval. To this end,
we used the eye tracking technique to evaluate
how Control and AD patients read high-predictable
sentences (i.e., sentences for which we expected
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a maximum of average cloze predictability) and
regular sentences. Our hypothesis was that the pos-
itive N + 1-predictability effect would increase with
overall average cloze predictability. Obviously, high-
predictable sentences were expected to contain a
substantial number of content words with high cloze
predictability. Therefore, with these kinds of sentences
we avoid common regular sentence restrictions in
which high values of cloze predictability were pri-
marily associated with function words or just with
the last word of the sentence [30]. High-predictable
sentences of the present study should yield a stronger
signal for the pattern of hypothesized positive N + 1-
predictability effects than regular sentences. When
reading high-predictable sentences, there is typically
a word at which not only the next word but the entire
sentence becomes available. To capture this sharp tran-
sition in predictability in which a subject matches an
entire sentence being read to one held in his/her mem-
ory, we determined the word with the maximum change
in cloze predictability relative to the previous word
in a given sentence. In the context of reading high-
predictable sentences we will refer to this word as
the “Eureka word” [46]. On the basis of this word we
defined the binary variable “maxjump”, assigning the
value of 1 for each word after the jump word and a value
of 0 to all words prior to, and including, the jump word.
We expected that the effect of cloze predictability of
individual words on fixation durations would differ for
these two regions of the sentences [30].

Patients with moderate AD show abnormalities in
eye movements during reading of a text, and read-
ing difficulty correlates with dementia severity [27,
47, 48]. Measuring the ability to perform upcom-
ing word predictions provides a tool for identifying
cognitive operations related with semantic, working,
and retrieval memory that are potentially distorted in
patients with incipient AD. Our hypothesis was that
AD patients would not enhance their reading perfor-
mance with an increase in contextual predictability
probably due to impairments in the top down process-
ing. To test this hypothesis, we investigated whether
working memory and retrieval memory performances
affected gaze duration (i.e., the sum of consecutive
forward fixations on a word) in Control and AD
patients while reading sentences of high predictability.
In addition, we hypothesized that increasing cloze pre-
dictability during reading high-predictable sentences
would not modify the binary maxjump variable in AD
patients. If so, gaze durations would be longer in the
first region of the sentences only in Controls—when
increasing cloze predictability—than in the last one.

METHODS

Ethics statement

The investigation adhered to the principles of the
Declaration of Helsinki. All patients and their care-
givers, and all control subjects signed an informed
consent prior to their inclusion in the study.

Participants

Thirty-five patients (22 females and 13 males; mean
age 68 years, SD = 6.4 years) with the diagnosis of
probable AD were recruited at the Hospital Munic-
ipal and at Clinica Privada Bahiense, both of Bahı́a
Blanca, Buenos Aires, Argentina. The clinical criteria
to diagnose AD at its early stages remain under debate
[49]. In the present work, diagnosis was based on the
criteria for dementia outlined in the Diagnostic and Sta-
tistical Manual of Mental Disorders (DSM-IV) [50].
All AD patients underwent a detailed clinical history,
physical/neurological examination, and thyroid func-
tion test. They all presented an APOE �3/�4 genotype.
Magnetic resonance images were obtained from 27
patients and computerized tomography scans from the
other 8 patients. All the patients underwent biochemi-
cal analysis (hemoglobin, full blood count, erythrocyte
sedimentation rate, urea and electrolytes, blood glu-
cose), to discard other common pathologies. As a
whole all these data provided a more precise diagno-
sis of AD. Patients were excluded if: (1) they suffered
from any medical conditions that could account for, or
interfere with, their cognitive decline; (2) had evidence
of vascular lesions in computed tomography or fMRI;
(3) had evidence for an Axis I diagnosis (e.g., major
depression or drug abuse) as defined by the DSM-
IV. To be eligible for the study, patients had to have
at least one caregiver providing regular care and sup-
port. Patients taking cholinesterase inhibitors were not
included. None of the subjects was taking hypnotics,
sedative drugs, or major tranquillizers. The control
group consisted of 35 elderly adults (24 female and
11 male), mean 70 years old (SD = 6.2), with no known
neurological and psychiatric disease according to their
medical records, and no evidence of cognitive decline
or impairment in daily activities. A one-way ANOVA
showed no significant differences between the ages of
AD and Control individuals. Those participants diag-
nosed of suffering from ophthalmologic diseases such
as glaucoma, visually significant cataract, or macular
degeneration as well as visual acuity less than 20/20
were excluded from the study.
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The mean scores of Controls and AD patients in the
Mini-Mental State Examination (MMSE) [51] were
28.8 (SD = 1.0) and 25.3 (SD = 0.9), respectively, the
latter suggesting early mental impairment. A one-way
ANOVA evidenced significant differences between
MMSE in AD patients and Controls (p < 0.001). The
mean score of AD patients in the Adenbrook’s Cog-
nitive Examination - Revised (ACE-R) [52] was 84.4
(SD = 1.1), the cut-off being of 86. The mean score
of INECO Frontal Screening (IFS) [53] was 21.1
(SD = 3.2), the cut-off being of 25. The mean school
education trajectories in AD patients and Controls
were 15.1 (SD = 1.4) years and 14.1 (SD = 1.2) years,
respectively. A one-way ANOVA showed no signif-
icant differences between the education of AD and
Control individuals.

Apparatus and eye movement data

Single sentences were presented on the center line of
a 20-inch LCD Monitor (1024 × 768 pixels resolution;
font: regular; New Courier; 12 point, 0.2º in height).
Participants sat at a distance of 60 cm from the mon-
itor. Head movements were minimized using a chin
rest. Correction for the 60 cm viewing distance was
performed by using the Eyelink 1000 corneal reflec-
tion system, which assessed changes in gaze position
by measuring both the reflection of an infrared illu-
minator on the cornea and the pupil size, by means
of a video camera sensitive to light in the infrared
spectrum.

Eye movements were recorded with an EyeLink
1000 Desktop Mount (SR Research) eyetracker, with
a sampling rate of 1000 Hz and an eye position reso-
lution of 20-s arc. All recordings and calibration were
binocular. Only right eye data were used for the analy-
ses. We removed for the analysis fixations shorter than
51 ms and longer than 750 ms and fixations on the first
and last word of each sentence [44].

Procedures

Participant’s gaze was calibrated with a standard 13-
point grid for both eyes. After validation of calibration,
a trial began with the appearance of a fixation point on
the position where the first letter of the sentence was
to be presented. As soon as both eyes were detected
within a 1º radius from the fixation spot, the sentence
was presented. After reading it, participants looked at
a dot in the lower right corner of the screen; when the
gaze was detected on the final spot, the trial ended.

Occasionally, external factors such as minor move-
ments and slippages of the headgear could cause small
drifts. To avoid them, we performed a drift correction
before presentation of each spot.

To assess whether subjects comprehended the texts,
they were presented with a three alternative multiple-
choice question about the sentence in progress in 20%
of the sentence trials. Participants answered the ques-
tions by moving a mouse and choosing the response
with a mouse click. Overall mean accuracy was 96%
(SD = 3.1%) in Control and 90% (SD = 4.4%) in AD.
A one-way ANOVA showed no significant differences
between comprehension of the answers in Controls
and in AD patients. The latter were only marginally
less accurate than control subjects, probably because
they were at an early stage of the pathology, as indi-
cated by the MMSE and ACE-R values. Once the
comprehension test ended, the next trial started with
the presentation of the fixation spot. An extra cal-
ibration was done after 15 sentences or if the eye
tracker did not detect the eye at the initial fixation point
within 2 s.

Sentence corpus

The sentence corpus was composed of 75 regular
sentences (e.g., “Yesterday I talked to Laura about her
daughter”) and 45 high-predictable sentences (“Pinoc-
chio’s nose grows every time he lies”) [48]. Both kinds
of sentences comprised a well-balanced number of
content and function words, and had similar grammat-
ical structure.

Word and sentence lengths

Sentences ranged from a minimum of 5 words to a
maximum of 14 words. Mean sentence length was 8.1
(SD = 1.4) words for low predictability sentences and
7.6 words (SD = 1.5) for high predictability sentences.
Words ranged from 1 to 14 letters. Mean word length
was 4.6 and 4.1 (SD = 2.5 and SD = 2.3), respectively.

Word frequencies

We used the Spanish Lexical Léxesp corpus [54] for
assigning a frequency to each word of the sentence
corpus. Word frequencies ranged from 1 to 264721
per million, so we transformed it to log10(frequency).
Mean log10(frequency) was 3.4 (SD = 1.3) for low
predictability sentences and 3.4 (SD = 1.5) for high
predictability sentences.
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Word predictability

It was measured in an independent experiment with
18 researchers of the Electrical Engineering and Com-
puter Science Department of Universidad Nacional
del Sur. We used an incremental cloze task proce-
dure in which participants had to guess the next word
given only the prior words of the sentence. Partici-
pants guessed the first word of the unknown sentence
and entered it via the keyboard. In return, the computer
presented the first word of the original sentence on the
screen. Responding to this, participants entered their
guess for the second word and so on, until a period indi-
cated the end of the sentence. Correct words stayed on
the screen. Participants were between 31 and 62 years
old, and did not participate in the reading experi-
ment. Academic background of the reading experiment
group and the cloze task group was similar. Word pre-
dictabilities ranged from 0 to 1 with a mean of 0.38
(SD = 0.36). The average predictability measured from
the cloze task was transformed using a logit function
0.5*ln(pred/(1-pred)); predictabilities of zero were
replaced with 1/(2*18) = –2.55 and those among the
five perfectly predicted words with (2*18–1)/(2*18)
= +2.55, where 18 represents the number of complete
predictability protocols. Mean logit predictability was
-0.9 (SD = 0.9) for low predictability sentences and 0.0
(SD = 1.29) for high predictability sentences.

As in other languages, we find strong correlations
in Spanish between word length, word frequency,
and word predictability. Long words are of low fre-
quency (r = –0.80 and r = –0.75 in low and in high pred.
sentences, respectively). Frequent words are highly
predictable (r = 0.47 and r = 0.37 in low and in high
pred. sentences, respectively), and highly predictable
words tend to be short words (r = –0.47 and r = –0.38
in low and in high pred. sentences, respectively).

Maxjump

We determined the word with the largest difference
between the cloze predictability of two consecutive
words according to the following equation:

jump word =max[Logit(predN+1) − Logit(predN )]

Jump word separates the sentence in two regions.
The variable maxjump was assigned a value of 1 for
each word after the jump word and a value of 0 to
all words prior to and including the jump word. With
this maxjump variable we tested the contextual word
predictability effect due to memory retrieval [50]. The
expectation is that gaze duration will be more affected

before than after jump words. This expectation is based
on the assumption that after the jump word, less pro-
cessing would be required since words have already
been recovered from memory.

Linear mixed-effect models (LMMs)

We used the lmer program of the lme4 package (ver-
sion 0.999999-2) [55] for estimating fixed and random
coefficients. This package is supplied in the R system
for statistical computing (version 3.0.1; R Develop-
ment Core Team, 2013) under the GNU General Public
License (Version 2, June 1991).

We chose log gaze duration as the dependent vari-
able because this measure includes refixations on
a word, and refixations usually reflect a lexical-
processing difficulty for word N [15, 43, 44]. The
critical factors of the present work are sentence type
(i.e., regular sentences and highly predictable sen-
tences), predictabilities, and group members (i.e., AD
versus Controls). Group contrast coding was –1 and
1. Sentence type informs about different aspects of
the relevance of retrieval memory and of long-term
memory. The main hypothesis is that the effect of
predictability, especially the effect of predictability of
word N + 1, depends on the overall level of cloze pre-
dictability. Therefore, interactions between sentence
type, groups, and predictabilities of word N – 1, N
and word N + 1 were the initial focus of the maxjump
LMM. Of course, these interactions may also depend
on how quickly in a sentence the jump in predictabil-
ity occurred. Thus, interactions between maxjump and
predictability of word N – 1, N, and word N + 1 were
the main focus of the maxjump LMM. Interactions do
not inform about the significance of predictability for
a given condition. When this information was needed
for the interpretation of an interaction, we tested the
effect in a post-hoc LMM, using the specific level
of Group’s member as the reference category in an
interaction.

Fixed effects in LMM terminology correspond to
regression coefficients in standard linear regression
models. They can also estimate slopes or differences
between conditions. A number of fixed effects were
entered into the model: logit predictabilities, log fre-
quencies, and 1/length of word N – 1, word N, and of
word N + 1. Using the reciprocal of word length (i.e.,
1/length), renders the multiplicative interaction of fre-
quency and length or predictability and length as a ratio
or relative frequency and predictability measure (i.e.,
normalized on word length). In addition, we estimated
how strongly the mean log gaze duration varied with
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participants and sentences by fitting crossed random
intercepts for participants and sentences. Instead of
estimating a slope or the difference between condi-
tions, random effects estimate the variance that is
associated with the levels of a certain factor. Regres-
sion coefficients (bs) standard errors (SEs) and t-values
(t = b/SE) are reported for the LMMs. Given the large
number of observations, subjects, and items entering
our analysis and the comparatively small number of
fixed and random effects estimated, the t-distribution
is equivalent to the normal distribution for all prac-
tical purposes (i.e., the contribution of the degrees
of freedom to the test statistics is negligible). Our
criterion for referring to an effect as significant is
t = b/SE > ± 2.00.

RESULTS

Maxjump linear mixed model

Word information is acquired and processed in
the brain during fixations. Because mild AD patients
already show minor difficulties in processing and inter-
preting word meanings, we hypothesized that they
would increase their gaze durations when extracting
word information. When considering high-predictable
words, gaze durations before and after maxjump dif-
fered by 4 ms in Controls (before jump word: 206+-47

SD and after jump word: 202+-43 SD), and by 8 ms
in AD patients (before jump word: 255+-67 SD and
after jump word: 268+-82 SD). Curiously, gaze dura-
tions in AD patients were 8 ms longer after than
before maxjump, being their behavior opposite to that
reported from Controls. In relation to regular sen-
tences, gaze durations differed by 3 ms in Controls
(before jump word: 215 +-57 SD and after jump word:
212+-55 SD); and by 5 ms in AD (before jump word:
266+-69 SD and after jump word: 271+-68 SD).

Evaluation of gaze durations as a function of group
and the predictabilities of word N – 1 up to word N + 1
(Fig. 1) evidenced they were longer in AD patients
than in Controls in every case. The values in Fig. 1 are
partial effects. All covariates not related to the vari-
ables member group, predictability and random effects
were removed from the observed values [56]. As shown
in Table 1, log mean gaze duration was significantly
higher in AD patients than in Controls both, in regular
and in high predictable sentences (t = 3.95 and t = 3.49,
respectively). This increase in gaze duration suggests
that AD patients needed more time for processing and
integrating words.

Word N – 1, word N and word N + 1 predictability
effects * group members * sentence type. The pre-
dictabilities of word N – 1, word N and word N + 1
had no significant effects on gaze duration when con-
sidering main effects (t = –0.50, t = 0.34 and t = 0.58,
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Fig. 1. Predictability effects of words N – 1, N, and N + 1 on gaze duration on word N, for Controls and AD readers as a function of word
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Table 1
Maxjump Lineal Mixed Model. The model included variance terms (random effects) for the intercept of participants and sentences. The threshold

of significance is t = ±2.00 (numbers in bold represent significant values)

Gaze duration

Maxjump

Fixed effects M SE t-value
Mean gaze duration (log) 5.484 0.034 159.73
Predictabilities(logit)
Word N – 1 –0.007 0.016 –0.50
Word N 0.006 0.017 0.34
Word N + 1 0.012 0.021 0.58
Groups ∗ Sentence type
AD versus CONTROL ∗ Regular 0.239 0.060 3.95
AD versus CONTROL ∗ High pred 0.206 0.059 3.49
Predictabilities(logit) ∗ Groups ∗ Sentence type
Word N – 1 ∗ High pred versus Regular –0.103 0.064 –1.59
Word N – 1 ∗ AD versus CONTROL ∗ Regular –0.008 0.021 –0.38
Word N – 1 ∗ AD versus CONTROL ∗ High pred 0.027 0.028 0.95
Word N ∗ High pred versus Regular 0.011 0.070 0.16
Word N ∗ AD versus CONTROL ∗ Regular 0.002 0.029 0.09
Word N ∗ AD versus CONTROL ∗ High pred 0.012 0.027 0.47
Word N + 1 ∗ High pred versus Regular –0.030 0.085 –0.36
Word N + 1 ∗ AD versus CONTROL ∗ Regular 0.033 0.032 1.02
Word N + 1 ∗ AD versus CONTROL ∗ High pred –0.029 0.015 –1.94
Groups ∗ Sentence type ∗ Maxjump
AD versus CONTROL ∗ Regular ∗ Maxjump 0.002 0.035 0.08
AD versus CONTROL ∗ High pred ∗ Maxjump 0.191 0.092 2.06
Predictabilities(logit) ∗ Groups ∗ Maxjump
Word N – 1 ∗ High pred versus Regular ∗ Maxjump 0.123 0.082 1.50
Word N – 1 ∗ AD versus CONTROL ∗ Regular ∗ Maxjump 0.037 0.030 1.23
Word N – 1 ∗ AD versus CONTROL ∗ High pred ∗ Maxjump –0.070 0.036 –1.91
Word N ∗ High pred versus Regular ∗ Maxjump 0.049 0.084 0.59
Word N ∗ AD versus CONTROL ∗ Regular ∗ Maxjump 0.014 0.034 0.42
Word N ∗ AD versus CONTROL ∗ High pred ∗ Maxjump 0.011 0.036 0.32
Word N + 1 ∗ High pred versus Regular ∗ Maxjump –0.057 0.101 –0.57
Word N + 1 ∗ AD versus CONTROL ∗ Regular ∗ Maxjump –0.066 0.040 –1.65
Word N + 1 ∗ AD versus CONTROL ∗ High pred ∗ Maxjump 0.008 0.004 2.03

Variance components Variance SD
Groups
Subject (n = 70) 0.048 0.220
Sentence (n = 120) 0.001 0.044
Residual (n = 20119) 0.182 0.426

respectively). The interaction between word N – 1 pre-
dictability and group of readers had no significant
effect on gaze duration, irrespective of the group and
kind of sentences considered (t = –0.38 for regular sen-
tences and t = 0.16 for high predictable sentences).
Regarding word N, there was an effect of predictabil-
ity on gaze duration between predictability, group
members and sentence type (t = –0.09 and t = 0.47,
for regular and highly predictable sentences, respec-
tively). However, as described in previous work [30,
48] Controls reduced their gaze durations in regular
sentences with increasing cloze predictability (post-
hoc LMM: t = –2.00), indicating they spent less time
processing highly predictable words. Finally, the effect
of the predictability of word N + 1 on gaze duration was
only marginal significant (t = –1.94); when considering

the interaction with group and highly predictable sen-
tences. As we expected, Controls increased their gaze
duration when considering word N + 1 (see Table 1).

Word length and word frequency effects were the
canonical and are described in Supplementary Table 1
(See Supplementary Material).

Word N – 1, word N and word N + 1 predictability
effects * group members * sentence type * maxjump.

We then evaluated the effect of increasing cloze
predictability on the maxjump variable. We observed
marginal and significant interactions of word N – 1
and N + 1 (t = 2.06, t = –1.91 and t = 2.03, respectively)
involving the maxjump variable, high-predictable sen-
tences and group members. In Controls, maxjump
changed the dependency of fixation times when
increasing cloze predictability (see Table 1 and Fig. 1).
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When considering the effect of N – 1 predictability
on groups, only Controls were significantly affected,
showing a negative trend before maxjump and a
positive trend after maxjump. As shown in Fig. 1,
predictability-related spillover effects were present just
before maxjump. Noteworthy, this effect of the pre-
dictability of word N – 1 was absent in AD patients.
These results are consistent with the hypothesis that in
Controls words were retrieved from memory and hence
no further effect of cloze-predictability was expected
in the LMM (see Fig. 1 bottom panel). They also sug-
gest that this ability was already lost in AD patients,
even at mild stages of their disease. Interestingly, AD
patients did not show a significant predictability effect
when analyzing word N + 1 effect on gaze duration.
On the contrary, in Controls the distinction between
fixations before and after the maximum jump in pre-
dictability accounted for positive predictability effects
associated with word N + 1. Finally, when consider-
ing regular sentences only Controls showed a positive
predictability effect and it was after maxjump.

DISCUSSION

We hypothesized that AD patients would not
enhance their reading performance with an increase in
contextual predictability and it would be present when
considering gaze duration. Additionally, we proposed
that only Controls would be able to show a positive
N + 1 cloze predictability effect before maxjump word.
By using the eye tracking technique, we clearly evi-
denced that gaze duration in AD patients was longer
than in Controls. Further, only Controls showed a
significant decrease on gaze durations when reading
high-predictable sentences. Our data also shows that
cloze predictability of word N – 1 and of the upcoming
word (N + 1) affected gaze duration in Controls but not
in AD patients (See trends in Fig. 1). Moreover, while
in Controls gaze durations were longer (when increas-
ing cloze predictability of word N + 1) in the first region
of the sentences (i.e., before maxjump) than in the last
ones (i.e., after maxjump), this did not occur in AD
patients. The loss of the maxjump effect in AD patients
evidenced that whereas Controls retrieved words from
memory up to the point of complete retrieval, AD
patients already showed impairments for predicting
and retrieving upcoming words even at early stages of
the disease. As proposed in the Introduction section,
recollection or retrieval of specific context-word infor-
mation seemed to occur only in Controls. In accordance
with previous studies, our results show that recollection
is disproportionately impaired in AD patients [32–34].

There is a growing consensus that eye move-
ments might be an indicator of cognitive processing
performance [4, 8, 15, 27, 57], since several cogni-
tive processes, including working memory, have been
shown to influence saccade parameters [15, 30, 58].
Using high predictability sentences as reading mate-
rial allowed us to examine if readers used information
stored in their memory. Previous work showed that
older adults were more likely to switch to a retrieval
strategy when the cost of visual scanning or the benefits
of retrieval were increased [31, 59–63]. Accordingly,
our work showed that when retrieval cues (e.g.,
reminders, contextual reinstatement) were provided in
highly-predictable sentences, Controls improved their
reading performance.

The pattern of gaze duration as a function of pre-
dictability is complex and depends on the position of
the word (N – 1 up to N + 1) and on the reader’ word
processing ability (see Table 1 and Fig. 1). The seman-
tic context of the fixated word, represented by the
predictabilities of the preceding word, i.e., word N – 1,
has an impact on the reading behavior. Increasing pre-
dictability in highly-predictable sentences increased
differences in word processing between groups. While
predictability of words N + 1 increased gaze durations,
implying that Controls performed predictions about
upcoming words, these effects of words N + 1 were
absent in AD patients, suggesting they showed impair-
ments in their capability for predictions. Extending this
finding to the memory domain, recent work [27, 49]
demonstrated that in healthy old readers predictive cue-
ing can improve both working and long term memory
performances; expectations act as an attentional filter
to facilitate the extraction of information, resulting in
performance benefits across multiple domains. Thus,
highly-predictable sentences were much more familiar
and therefore as a whole served as a cue that allowed
for more efficient reading in Controls. Interestingly,
our data show that high-predictable sentences did not
serve as a cue for more efficient reading in mild AD
patients. This is consistent with previous evidence that
AD patients showed deficits in visual memory recogni-
tion [63], and were affected in their processing speed
and in their visual short-term memory, even at early
stages of the disease [64]. The prevailing view is that
the prefrontal cortex mediates this prestimulus activ-
ity modulation generating cortical processing in visual
areas via top-down signals prior to stimulus presenta-
tion [65–67]. A type of top-down modulation that has
been shown to involve the prefrontal cortex is expecta-
tion, or anticipation, which precedes the presentation of
a stimulus that can be predicted [68]. Because cortical
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regions in the dorsolateral prefrontal cortex are affected
in mild AD patients [69–72], their capacity for predict-
ing upcoming words might be impaired.

Using the two types of sentences described, we
could explicitly vary the dynamics of memory retrieval
during sentence reading. Predictable words in high-
predictable sentences are clustered in a sentence
instead of being isolated moments of highly regular
fragments of a sentence (prepositions, articles). As a
consequence, predictability is uncorrelated from other
main factors governing fixation duration. Large val-
ues of predictability in sentences with a low-average
cloze predictability correspond to shorter words, seem-
ingly more related to the grammatical structure of the
sentence than to its semantic contents, as connectors,
prepositions, and articles. Highly predictable words
in sentences with a high-average cloze predictability
relate to semantic content and hence might provide a
test bed for the investigation of the specific effect of
memory retrieval and the subsequent facilitated incom-
ing word-reading process.

Analysis of the effect of word predictability showed
that in Controls an increase in the predictability of
word N + 1 increased gaze duration. Previous findings
show that in healthy readers, word N + 1 may have an
effect on fixation duration via memory retrieval [27,
30, 37, 39, 40, 41, 64, 66, 73]. The increase in gaze
duration in Controls might reflect the time required
for the brain to retrieve the possible incoming word in
a sentence. Our data suggest that this rather compli-
cated analysis is present in healthy subjects but might
be absent or deteriorated in AD patients, even at this
early stage (Table 1, Fig. 1). It has recently been sug-
gested [74] that the inferior parietal lobe mediates the
automatic allocation of attention to retrieved memory
contents, while others [31] proposed that overt shifts
of attention through eye movements are associated
with higher accuracy of performance in relational visu-
ospatial memory task. These authors argued that the
activation of these partial lobe regions may reinforce
and help to produce stronger relational spatial repre-
sentations and, consequently, more accurate memory
recognitions. High-predictable sentences with a high
average cloze predictability related to semantic con-
tent might provide a test bed for the investigation of
the specific effect of memory retrieval on ongoing word
processing during reading [27, 43, 44, 62, 75, 76]. Prior
research in AD indicates that reading comprehension
declines progressively with increased dementia sever-
ity as the result of a decline in semantic processing for
meaning or in lexical access [27, 47, 78]. Evaluation
of the effect of contextual word predictability could be

an important indicator of how working memory and
retrieval memory are affected in AD.

Previous reports suggested that AD patients’ impair-
ment on semantic memory tasks is the product of
deficient memory retrieval in combination with a par-
tially degraded semantic network [79]. The earliest
cortical damage present in AD has been proposed
to be located in the medial temporal lobe, produc-
ing the impairment to anterograde episodic memory
[79, 80]. As the cortical damage spreads outward
from the medial temporal lobe, numerous cognitive
functions can be affected [49]. Specifically, as the dam-
age draws closer to the temporal lobe, the semantic
memory system will be disrupted. Retrieval from the
semantic system can be damaged during this spread
of cortical atrophy as well, perhaps as white matter
connections along the temporal lobe are lost. Further
research would be required to establish what pathways
are involved in the impaired memory retrieval present
in AD.

When analyzing the maxjump model, we did an
operationalization of the word at which readers become
aware of the entire sentence they are reading. This word
is simply the word having the largest difference in cloze
predictability relative to the previous word. Inclusion
of the distinction between fixations before and after the
maximum predictability jump in the LMM revealed
that in Controls the positive N + 1-predictability effect
was solely due to fixations before maxjump; there was
no evidence for this effect for fixations after maxjump.
The interpretation is fairly straightforward. First, the
positive upcoming predictability effect needs a mod-
erate average level of predictability, as that present
in our highly-predictable sentences; in that case, the
predictability of the upcoming word affects fixation
durations until the complete sentence is retrieved from
memory. After this Eureka event, predictability loses
its relevance as an indicator of cognitive effort in Con-
trols. The lack of the effect of maxjump suggests that
for AD patients the Eureka event came too late or not at
all; their memory impairment did not provide enough
cues for the word predictability effect to take effect.
The impairment in the ability of AD patients for recol-
lecting, in an integrative way, associative information
from memory might be related to early neuroanatom-
ical changes, namely in hippocampus and entorhinal
cortex [4, 34].

Overall, the maxjump effect allowed us to check
whether the contextual incoming word predictabil-
ity is a consequence of anticipatory retrieval of word
meaning from memory up to the point of complete
retrieval. Probing online comprehension processes, as
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operationalized with the identification of a Eureka
word in highly-predictable sentences, and tracing their
effects to fixation durations might give us a tool for the
evaluation of cognitive impairments usually linked to
deficiencies in semantic, working, and retrieval mem-
ory. In addition, these findings might be relevant for
expanding the options for the early detection and moni-
toring in the early stages of AD and for measuring drug
impact on patient’s behavior.
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