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Reading requires the integration of several central cognitive subsystems, ranging from at-
tention and oculomotor control to word identi¯cation and language comprehension. Reading
saccades and ¯xations contain information that can be correlated with word properties. When
reading a sentence, the brain must decide where to direct the next saccade according to what
has been read up to the actual ¯xation. In this process, the retrieval memory brings infor-
mation about the current word features and attributes into working memory. According to
this information, the prefrontal cortex predicts and triggers the next saccade. The frequency
and cloze predictability of the ¯xated word, the preceding words and the upcoming ones a®ect
when and where the eyes will move next. In this paper we present a diagnostic technique for
early stage cognitive impairment detection by analyzing eye movements during reading
proverbs. We performed a case-control study involving 20 patients with probable Alzheimer's
disease and 40 age-matched, healthy control patients. The measurements were analyzed using
linear mixed-e®ects models, revealing that eye movement behavior while reading can provide
valuable information about whether a person is cognitively impaired. To the best of our
knowledge, this is the ¯rst study using word-based properties, proverbs and linear mixed-e®ect
models for identifying cognitive abnormalities.
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pairment; linear mixed-e®ect models.
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1. Introduction

When reading, healthy readers move their eyes every quarter of a second, on average.

During the ¯xation, new information is brought into the processing system. The

average ¯xation lasts for 150–250ms, and the distance the eyes move in each saccade

(a short rapid eye movement) is between 1 and 20 characters, with an average of 5–7

characters. A saccade's primary function is to bring a new region of text at the right

of the ¯xated place into the foveal vision. The fovea is the depression in the inner

retinal surface responsible for sharp central vision. Performing a saccade takes about

20–50ms.

Reading requires the integration of several central cognitive subsystems, ranging

from attention and oculomotor control to word identi¯cation and language com-

prehension. Reading saccades and ¯xations give us a considerable amount of in-

formation that can be correlated with word properties. When reading, the

syntactic, semantic and morphological properties of the word a®ect how long the

¯xation lasts. Fixation duration increases with word length and decreases

with the frequency and predictability of the word (Rayner, 1998; Kliegl et al.,

2006). Researchers agree that information about the length, orthography and

phonology of the upcoming word is available during ¯xations on previous words.

Indeed, some of this information is necessary for programming saccades. At the

same time, there is strong evidence that the so-called high-level lexical properties

(such as word frequency or predictability) of parafoveal words also in°uence ¯x-

ation durations before the eyes reach these words (see, for example (Kliegl et al.,

2006; Kliegl, 2007; Kennedy et al., 2013; Fern�andez et al., 2014c)). Cloze

predictability (Taylor, 1953)-i.e., the proportion of subjects that ¯ll in a particular

word as the most probable next word in a sentence from a previous context-is an

important factor during °uent reading. Recent ¯ndings (Kennedy et al., 2013;

Fern�andez et al., 2014c) suggest that the buildup of predictions is indeed a rapid

process.

Data from language processing provide evidence not only that context directs

expectations or predictions about the upcoming stimuli \on the °y", but also that

these predictions are highly speci¯c and enough elaborated to guide behavior. Thus,

healthy readers skip high-predictability words more often than-low predictability

ones; notably, they prolong ¯xation durations prior to high-predictability words. It

has been hypothesized that these words are processed and retrieved from memory

while the eyes are still on the preceding stimulus. In visual world paradigms, Altmann

(2011) demonstrated that the context-based expectations of upcoming stimuli are

fast enough and strong enough to trigger anticipatory saccades.

The frontal ¯eld of view, and its role in controlling eye movements, have received

signi¯cant attention from the research community in the last decade. Studies suggest

that this area controls decisional processes governing ocular motor behavior (Pierrot-

Deseilligny et al., 2004). A feedback and feedforward control approach within a

systemic framework has been applied to study the visual dynamic system (Xu, 2010).
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The visual system can be thought of as a feedback control system, as explained in

Sec. 2. The bottom-up signal registered during an eye ¯xation is the key to obtaining

the semantic information about the ¯xated word that is temporarily stored in

working memory. The prefrontal cortex (PFC) processes this information, together

with the contextual memory, in order to predict the location of the new saccade; the

top-down signal goes to the muscles in order to move the eye to the next ¯xation

(Fig. 1). This sequence is repeated in each ¯xation. Contextual information facilitates

reading by improving predictions, allowing for performing longer saccades and word

skipping.

Bollinger et al. (2010) and Gazzaley (2013) demonstrated that predictive

cueing (e.g., upcoming words prediction in high-predictability sentences) can

improve both working and long-term memory performances. They suggested that

expectations act as attentional ¯lters to facilitate the extraction of goal-directed

information, resulting in performance bene¯ts across multiple domains, prevailing

activity of the PFC. There is substantial evidence suggesting that the PFC processes

cortical processing in visual areas via top-down signals prior to the stimulus (Sum-

mer¯eld & Egner, 2009). Furthermore, the expectation that precedes a stimulus is a

sort of top-down modulation that involves the PFC (Puri & Wojciulik, 2008). Since

mild Alzheimer's disease (AD) a®ects cortical regions in the dorsolateral PFC (Salat

et al., 2001; Drzezga et al., 2003; Pelak, 2010), it may impair the ability to predict

upcoming words.

Altered visual exploration and the absence of contextual predictability e®ect

might be related to an impairment in working memory and/or long term memory

retrieval functions. In previous works we studied the di®erences between healthy

readers and readers with mild AD (Fern�andez et al., 2014a,b). We used linear mixed-

e®ect models to evaluate the e®ect of current and incoming word predictability on

gaze duration, i.e., the sum of all time ¯xations on a given word. In our study we

compared low- vs. high-predictability sentences to show that readers with early-stage

AD are less capable of predicting incoming words.

In this paper, we present new results on modeling gaze duration when reading

proverbs. When reading a proverb, the expectations about the next incoming word

are generated incrementally and con¯rmed in healthy readers, but not in AD sub-

jects. Using proverbs as reading material should allow us to determine whether the

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 bene¯ts of retrieval increased (Touron et al., 2007; Stine-Morrow et

al., 2006; Lindenberger & Mayr, 2014; Olsen et al., 2014). We hypothesize that, when

the proverbs provide retrieval cues (e.g., reminders, contextual reinstatement), only

control subjects improve their reading performance. Also, we augmented the model

with two new variables: outgoing saccade amplitude (i.e., the distance from the last

¯xation to the next one) and launch site (i.e., the distance from the last ¯xation to

the ¯rst letter of the upcoming ¯xated word). We use these new factors, together with

word length, word frequency and word predictability, to model gaze duration
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when reading proverbs. Results show that our method is e®ective at diagnosing

mild AD.

The paper is organized as follows. In Sec. 2 we describe the oculomotor system

from a systemic point of view; in Sec. 3 we describe the experiment; in Sec. 4 we de¯ne

the used model; in Sec. 5 we discuss the results. Finally, in Sec. 6 we draw some

conclusions.

2. Oculomotor System

The visual system is part of complex input–output multivariable system, and con-

stitutes an important challenge from the modeling point of view. Eye movements

are a fundamental part of this visual system since they direct the attention of the

fovea, according to di®erent brain processes (e.g., working memory, semantic

memory). Each one of these movements is controled by a di®erent neural system and

all these systems end in the optical nerve, which connects them to the brain for its

command.

When reading, eye movements alternate with relative stillness: these movements

are the saccades and the ¯xations, respectively. The former change the direction of

the eyes and bring the image into the fovea in the least possible time, while the latter

hold the image in the fovea. Before triggering a saccadic movement, the brain has to

decide where to look at and program the oculomotor system to move in that direc-

tion. When reading a sentence, the decision of where to direct the next saccadic

movement is based on what has been read up to the current ¯xation. In this process,

the retrieval memory brings information about the word features and attributes into

working memory. According to this information, the PFC predicts and triggers

a saccade in order to move the gaze to the next word, which is not necessarily the

Fig. 1. Oculomotor system as a control feedback system. The Spanish proverb \M�as vale p�ajaro en
mano que cien volando", is equivalent to the english one \A bird in the hand is worth two in the bush".
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upcoming one. So, the oculomotor system can be thought of as a feedback control

system, as depicted in Fig. 1.

During °uent reading, the duration of a ¯xation on a word is in°uenced by its

syntactic, semantic and morphological properties. One of those properties, called

cloze predictability, is the probability that the next word in a sentence can be

guessed, given only the previous words in the sentence (Taylor, 1953). Both fre-

quency and cloze predictability of the ¯xated or foveal word, the preceding words

and the upcoming or parafoveal words, have a signi¯cant impact on when and

where to move the eyes (Rayner, 1998; Kliegl et al., 2006; Heister et al., 2012;

Hohenstein & Kliegl, 2014; Fern�andez et al., 2014a,c). Their in°uence varies from

one factor to the other, and is di®erent in readers with some degree of cognitive

impairment.

3. Experiment

During the experiment, when a person is reading a sentence with M words, we

number each word 1; 2; . . . ;n � 2; n � 1;n;n þ 1;n þ 2; . . . ;M according to its po-

sition in the sentence. If n is the word the subject is reading at a time t0, we call it the

actual word; n þ 1, n þ 2 will be the two upcoming ones while n � 2, n � 1 are the

two former words. In this section we describe the experiment we conducted to

model the e®ect of the predictability of words n � 2;n � 1; n; n þ 1;n þ 2 on ¯xation

duration.

3.1. Participants

Twenty patients participated in the experiment (12 female, 8 male, mean age 69

years, SD ¼ 7:3 years). The patients were from the Hospital Municipal de Bahía
Blanca, Bahía Blanca, Argentina, and were diagnosed with probable AD. Their

diagnostic was based on the criteria for dementia outlined in the Diagnostic and

Statistical Manual of Mental Disorders (DSM-IV) (American Psychiatric Associa-

tion, 1994). According to it, patients were excluded if:

(1) They su®ered any medical condition 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

de¯ned by DSM-IV (American Psychiatric Association, 1994);

(4) They were taking cholinesterase inhibitors (ChE-I), hypnotics, sedative drugs or

major tranquillizers.

The control group consisted of 40 elderly adults (29 female and 11 male; mean age 71

years old; SD ¼ 6:1 years) with no known neurological nor psychiatric disease, and no

evidence of cognitive decline or impairment in activities of daily living. A one-way

ANOVA showed no signi¯cant di®erence between the age of the mild AD group and
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the control group (Fð1; 56Þ < 1). The mean school education in AD patients and

controls was 15.2 (SD ¼ 1:3) years and 15.1 (SD ¼ 1:0) years, respectively. A one-

way ANOVA showed no signi¯cant di®erence between the education of AD and

control groups. The mean scores of controls and AD patients in the mini-mental state

examination (MMSE) (Folstein et al., 1975) were 27.8 (SD ¼ 1:0) and 24.2

(SD ¼ 0:8), respectively; the latter suggests an early mental impairment. A one-way

ANOVA revealed signi¯cant di®erences between MMSE in AD patients and controls

(p < 0:001). The mean score of AD patients in the ACE-R test (Mioshi et al., 2006)

was 84.4 (SD ¼ 1:1), the cut-o® being 86.

3.2. Sentence corpus

To perform the experiment, we used a set of 64 Spanish proverbs that are common in

our Argentinian culture.

Word and Sentence Lengths. The proverbs ranged from 5 to 14 words in length;

mean length being 7.3 (SD ¼ 1:9) words. The words ranged from 1 to 14 letters in

length; the mean word length was 4.0 (SD ¼ 2) letters.

Word Frequencies. We used the Spanish Lexical L�exesp corpus CORCO

(Sebasti�an-Gall�es et al., 1998) for assigning a frequency to each word of the sen-

tence corpus. Since word frequency ranges from 1 to 264,721 per million, we

transformed it to logðfrequencyÞ. The mean logðfrequencyÞ for the proverbs was

3.47 (SD ¼ 1:36).

Word Predictability. Word predictability was determined by performing an in-

dependent experiment with 18 researchers of the Departamento de Ingeniería El�ec-

trica y de Computadoras, Universidad Nacional del Sur. We used an incremental

Cloze Task (Taylor, 1953) procedure in which participants had to guess the next

word given only the prior words of the sentence. Participants were between 31 and 62

years of age and did not participate in the reading experiment. The academic

background of the group involved in the reading experiment and the Cloze Task

group was similar. The average predictability measured from the incremental Cloze

Task was transformed using the logit function de¯ned by:

logitðpredÞ ¼ 0:5 ln
pred

1� pred

� �
; ð1Þ

being pred the determined word predictability. The term in parentheses is called

the odds. In order to be well de¯ned, pred ¼ 0 or pred ¼ 1 in the Cloze Task

procedure were replaced by logitð 1
2Np

Þ ¼ �1:77 and logitð 1
2Np

Þ ¼ 1:77, respectively,

being Np ¼ 18 the number of complete predictability protocols (18 subjects

completing all the proverbs). The mean of logit predictability was 0:08 with

SD ¼ 1:23.
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3.3. Eye movement register

Each proverb was displayed in the centerline of a 20-inch LCD Monitor (1024� 768

pixels resolution; font: regular New Courier, 12 point, vertical size of one character:

0.2� in height). The participants were seated in front of the monitor at a distance of

60 cm. Head movements were minimized using a chin rest. The participants' eye

movements were recorded with an EyeLink 1000 Desktop Mount (SR Research)

eyetracker, with a sampling rate of 1000Hz and an eye position resolution of 20-s arc.

All recordings and calibration were binocular. Fixations shorter than 51ms and

longer than 750ms and ¯xations on the ¯rst and last word of each sentence were

removed for the analysis.

The participants' gaze was calibrated with a standard 13-point grid for both eyes.

After validating the calibration, a ¯xation point appeared at the position where the

¯rst letter of the sentence was to be presented. As soon as both eyes were detected

within a 1� radius relative to the ¯xation point, the proverb was presented. After

reading it, participants had to move their eyes to a dot in the lower right corner of the

screen to end the trial.

4. Model

The linear mixed-e®ect models (LMM) used to model the lnðgazeÞ is given by the

following expression,

lnðgazeÞ ¼ °ixi þ cizi; ð2Þ
being xi a vector of ¯xed variables.

xi ¼ ½AO;LS;Ln�2;Ln�1;Ln;Lnþ1;Lnþ2;

Pn�2;Pn�1;Pn;Pnþ1;Pnþ2;Fn�2;Fn�1;

Fn;Fnþ1;Fnþ2�i; ð3Þ
where AO is the amplitude of the outgoing saccade from word n to word n þ 1; LS is

the launch site, that is, the distance from the last character of the actual ¯xated word

to the ¯rst character of the next ¯xated one, measured in characters with spaces; Lk is

the length of word k, Pk is the logit of the predictability of word k and Fk is the

base-10 logarithm of the frequency of word k. And zi de¯ned as a vector of random

e®ect variables

zi ¼
1

IN
;
1

SN

� �
i
; ð4Þ

where IN is the person identi¯cation number and SN is the sentence number within

the test (introduced to model the fatigue). Finally, °i and ci, are the vectors of ¯xed

parameters and random parameters, respectively.

In order to estimate the ¯xed and random coe±cients, we used the program

lmer of the lme4 package, version 0:999999� 2 (Bates & Maechler, 2013), in the
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R programming language (version 3.0.1; R Development Core Team, 2013) under the

GNU general public license (version 2, June 1991).

For all practical purposes, given the large number of observations, subjects and

items for the analysis, and the comparatively small number of estimated ¯xed and

random e®ects, the t-distribution is generally equivalent to the normal distribution,

i.e., the contribution of the degrees of freedom to the statistical test is negligible. If SE

notes the standard error (SE), the criterion we used for referring to an e®ect as

signi¯cant of the corresponding regressor is t ¼ b
SE > 2.

5. Model Results Analysis and Discussion

In Table 1 we show, for both the control and AD groups, the values of the lnðgazeÞ,
standard error (SE) and t-value. An important di®erence between control and AD

groups can be seen when considering mean gaze duration (317ms (expð5:76Þ) vs.

721ms (expð6:58Þ), respectively).
We then analyzed the e®ect of the predictability of words n � 2;n � 1; n; n þ 1

and n þ 2 on gaze duration during reading proverbs. The LMM results are sum-

marized in Table 1. Both the predictability of word n � 2 (t ¼ �3:05) and word n � 1

(t ¼ 6:01) were signi¯cant only for controls. Thus, the cloze predictability of word

n � 2 reduced the mean gaze duration, suggesting that an increase in cloze predict-

ability facilitated ongoing reading (Katz & Ferretti, 2001; Federmeier & Kutas, 2005;

Fern�andez et al., 2014a). On the other hand, word n � 1 produced an increase of gaze

duration only for controls. As we proposed before, this increase could re°ect the time

required for the brain to process the information in order to retrieve the possible

upcoming word in a sentence. Interestingly, in controls this retrieval e®ect seems to

a®ect word processing from word n � 1 onward. Since predictable words in proverbs

are clustered throughout the sentence ��� instead of being isolated moments of highly

regular fragments of the sentence ��� previous words could exert a strong e®ect on

gaze duration (Fern�andez et al., 2014c).

Additionally, when considering the e®ect of word n þ 2, the gaze duration de-

creased with cloze predictability only in controls (t ¼ �2:02) (see Table 1 and Fig. 2).

Our results suggest that, in healthy readers, the predictability of the proverbs a®ects

¯xation durations until the complete sentence is retrieved from memory (see Table 1

and Fig. 2).

We also studied the e®ect of the frequency of words n � 2;n � 1; n; n þ 1 and

n þ 2 on gaze duration during reading proverbs. The frequency of words n � 2 ðt ¼
6:28Þ and n � 1 ðt ¼ �2:24Þ a®ected gaze duration in controls, probably due to a

partial processing of the word n in the previous ¯xation, i.e., spillover. The frequency

of words n ðt ¼ �8:66Þ and n þ 2 ðt ¼ �3:13Þ exerted a strong e®ect in controls, too.

Conversely, in ADs only the frequency of word n ðt ¼ �5:03Þ a®ected gaze duration.

These behaviors suggests that, in both groups, more frequent words require less

processing and thus shorter gaze durations.
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6. Conclusions

Our results suggest that while reading seems to be preserved in AD patients at an

early phase of the disease, semantic content processing might already be distorted.

To our knowledge, this is the ¯rst study in which word based properties, proverbs

and linear mixed-e®ect models were used to identify cognitive abnormalities.

The semantic context of the ¯xated word, portrayed by the predictability of the

preceding words n � 2 and n � 1, has an impact on reading behavior. That is the

reason why the greater word predictability in proverbs expands the di®erences in

word processing between the control group and the AD group. The predictability of

word n þ 1 increases gaze periods in the control group, con¯rming that they are

performing a prediction upon the upcoming words; this process is absent (or lost) in

AD patients, suggesting an impairment in their capacity for making word predic-

tions. By applying this discovery to the memory ¯eld, recent work (Gazzaley, 2013;

Fern�andez et al., 2014b) proved that working and long term memory in healthy

elderly readers can be improved by predictive clueing; expectations serves as a ¯lter

to attention that simpli¯es the extraction of information, resulting in bene¯ts in

performance across multiple domains. Proverbs are well-known and therefore serve as

a cue for more e±cient reading in the control group. It was interesting to prove that

this process did not occur in mild AD patients, according to our data. This is con-

sistent with previous evidence that AD patients show visual memory recognition

de¯cits (Iachini et al., 2009) and in their processing speed and visual short-term

memory, even at an early phase of the disease (Bublak et al., 2011).

Our data suggests that the capacity of retrieving the plausible upcoming word in a

sentence is possibly absent or deteriorated in AD patients, even at an early stage.

Fig. 2. Predictability e®ects of words n � 2; n � 1 and n þ 1 on gaze duration on word n, for Controls
and for mild AD. Panels show partial e®ects of LMM (i.e., after removal of other ¯xed e®ects
and variance components for mean ¯xation durations of subjects). Shaded areas are 95% con¯dence
intervals.
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Ciaramelli et al. (2008) suggested that the inferior parietal lobe mediates the auto-

matic allocation of attention to retrieved memory contents, while Olsen et al. (2014)

proposed that overt shifts of attention through eye movements are associated with a

higher accuracy in relational visuospatial memory performance tasks. Therefore, the

activation of these partial lobe regions may reinforce and help to produce stronger

relational spatial representations and consequently more accurate memory recogni-

tions. The lack of the predictability e®ect suggests that the capacity of AD patients

for integrative recollection of associative information from memory can be explained

by early neuroanatomical changes, namely in hippocampus and entorhinal cortex

(Pereira et al., 2014).

Our study provides a test-bed for initial research on cognitive impairments linked

to semantic, working and retrieval memory de¯ciencies. We were able to prove that

de¯cits in the capacity for processing complex information are linked to memory-

guided eye movements. Early detection and monitoring opportunities in AD patients

will be improved by this test. Furthermore, the results obtained with this novel

methodology could become in time a simple marker for early disease detection.
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