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Abstract: Introduction: Eye movement patterns during reading are well defined and documented. 
Each eye movement ends up in a fixation point, which allows the brain to process the incoming in-
formation and program the following saccade. In this work, we investigated whether eye movement 
alterations during a reading task might be already present in middle-aged, cognitively normal off-
spring of late-onset Alzheimer’s disease (O-LOAD). 
Methods: 18 O-LOAD and 18 age-matched healthy individuals with no family history of LOAD par-
ticipated in the study. Participants were seated in front of a 20-inch LCD monitor, and single sen-
tences were presented on it. Eye movements were recorded with an eye tracker with a sampling rate 
of 1000 Hz. 
Results: Analysis of eye movements during reading revealed that O-LOAD displayed more fixations, 
shorter saccades, and shorter fixation durations than controls. 
Conclusion: The present study shows that O-LOAD experienced alterations in their eye movements 
during reading. O-LOAD eye movement behavior could be considered an initial sign of oculomotor 
impairment. Hence, the evaluation of eye movement during reading might be a useful tool for moni-
toring well-defined cognitive resources. 
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1. INTRODUCTION 

There is strong evidence of a close relationship between 
eye movement patterns and fluent reading, in particular when 
analyzing word processing [1]. There are some well-
documented eye movement measures that inform about cog-
nitive processes, i.e., fixation duration, number of fixations, 
and saccade amplitude [1, 2, 3, 4, 5, 6, 7, 8]. Research on the 
perceptual span established that parafoveal visual infor-
mation extending to about 10 characters in reading direction 
can influence the word processing in progress. In healthy 
readers, this information is used for selecting the next sac-
cade target and for determining the saccade’s length [3, 4, 5]. 
Several authors propose that once fixation is made, infor-
mation processing is critical for programming the next sac- 
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cadic movement. Fixation duration usually lasts between 150 
and 250 ms, with values stretching from 50 ms to over 700 
ms. Generally, when processing a target word, the shorter the 
gaze duration, the more efficient the cognitive processing of 
the observed individual [6, 9]. In previous works, Fernandez 
et al. [7, 10] showed that the number of fixations (i.e., how 
many times a subject needs to fixate on a word) increased 
when readers were processing less frequent words or when 
readers needed more resources for extracting word infor-
mation. When reading sentences, it was shown that the dis-
tance between two corresponding ocular fixations, in part, 
depends on the difficulty of the reading context. In general, 
the easier the reading process, the longer the outgoing sac-
cade [9, 11, 12, 13]. In addition, words exert a well-
differentiated impact on fixation duration when reading the 
initial, middle, and last words of the sentence suggesting that 
word position is a relevant indicator for understanding the 
meaning of a sentence [8]. When reading a sentence, each 
word is part of a construct [14, 15] and the amount of cogni-
tive effort required to process it reflects the interplay of word 
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processing and expectancy-driven processes [1, 5]. Further, 
healthy readers perform strategies to compensate for their 
perceptual limitations in text processing by making more use 
of world knowledge and other top-down processes [16]. This 
strategic change could be reflected in increased neural con-
nectivity across brain regions [17]. Although most functional 
neuroimaging studies of aging have focused on age effects 
on regional activity, there is evidence that functional connec-
tivity is also modulated by initial aging processes, including 
increases in PFC connectivity [18]. If age-related increases 
in PFC activity can be attributed to compensation processes, 
then it is possible that age-related increases in PFC connec-
tivity could also be compensatory. In accordance, healthy 
readers would use some strategies when processing words, 
producing a decreased number of fixations and longer out-
going saccades when compared with subjects who cannot 
apply reading strategies efficiently. 

In Alzheimer's disease (AD), progressive neuropatholog-
ical changes within the neocortex make patients prone to 
visual and attentional disturbances [19]. Mendez et al. [20] 
reported visual field deficits, prolonged visual evoked poten-
tials, abnormal eye movement recordings, and even visual 
hallucinations, among other disturbances in AD patients. In 
addition, disturbances and abnormal eye movements during 
reading were observed in these patients [21]. During the pro-
gression of AD, affected individuals evolve from an initial 
mild cognitive impairment to a severe loss of mental func-
tion. Patients with early to moderate AD usually exhibit im-
pairment in learning and deficits in episodic and working 
memory, which lead to the diagnosis of the pathology. On 
the other hand, subtle alterations in movement coordination 
and planning that may also be present while performing fine 
motor tasks, such as writing or reading, are harder to detect 
and frequently unnoticed [22, 23]. Networks and structures 
involved in a range of eye movement behaviors are well de-
fined, including those that measure working memory, pupil 
dilation, and saccadic execution [24]. The existing 
knowledge on eye movement control could be extrapolated 
to improve our understanding of more complex behaviors 
such as attention, inhibitory control, working memory, and 
decision-making processes [25, 26, 27]. All the above pro-
cesses are affected in AD, which reflect early modifications 
in neurological connectivity that disrupts the processing of 
incoming information [28, 29]. Recent research strongly 
suggests that these non-amnestic abnormalities are already 
present among middle-aged, not cognitively altered offspring 
of LOAD patients [30]. Family history increases the risk of 
developing LOAD [31]. Persons who are at risk of develop-
ing LOAD because of their family history show altered func-
tional and anatomical connectivities [32, 33], changes in 
cognitive variables [34, 35], and abnormal brain structure 
[36]. In a previous study, functional connectivity was related 
to subtle cognitive alterations in a sample of offspring of 
LOAD (O-LOAD) patients' capacity to recover from seman-
tic interference effects during learning when compared to 
healthy control participants [32]. 

Rösler et al. [37] reported that AD patients evidenced a 
delayed target detection, where patients made more fixations 
and exhibited longer fixations times when searching arrays 
of letters. These delays could be interpreted as inefficient 
planning of a search strategy [38]. Furthermore, a recent 

work proposed that overt shifts of attention through eye 
movements are associated with higher accuracy in a relation-
al visuospatial memory task [39]. Given that the broad spec-
trum of events involved in reading requires information pro-
cessing, coordination, and planning, we hypothesize that 
subtle changes in such processing might lead to eye move-
ment alterations in O-LOAD. Our results provide evidence 
that even in this clinically asymptomatic stage, O-LOAD 
showed shorter fixation durations and an increased number 
of fixations compared to control individuals. This suggests 
that O-LOAD was less efficient when extracting word in-
formation with just one fixation, among other things. An 
analysis of eye movements during reading might also pro-
vide new insights into the pathogenesis of AD. 

2. METHODS 

2.1. Ethics Statement 

The investigation adhered to the principles of the declara-
tion of Helsinki and was approved by the Bioethics Commit-
tee of FLENI Foundation, Argentina. All participants signed 
informed consent prior to their participation in the study. 

2.2. Participants 

As LOAD pathophysiological process begins decades be-
fore the first clinical symptoms appear [40], individuals were 
recruited to participate in a larger, exploratory, cross-
sectional study with the aim of assessing early neuroimag-
ing, cognitive and circadian markers in asymptomatic, mid-
dle-aged O-LOAD, which are believed to be at greater genet-
ic risk of developing LOAD [41, 32, 42, 36, 43, 44, 45, 46]. 
Accompanying family members of LOAD patients were 
informed of the study and invited to participate by the pa-
tients' physicians.” 

18 O-LOAD were recruited at the Service of Psychiatry, 
Fleni Foundation, Buenos Aires, Argentina; Table 1 de-
scribes the demographic and clinical characteristics of the 
sample, including neuropsychological performance. All par-
ticipants were asked to fill in the names, dates of birth, age 
of AD onset, and clinical information of all affected family 
members. The information was confirmed with other family 
members and by an interview with the examining physician, 
discussing the parents’ symptomatology and progression of 
the disease. Only individuals whose parents had lived to age 
≥65 were included. For individuals who had received no 
treatment at Fleni Foundation, the parents’ diagnosis of O-
LOAD was clinician certified. 

The inclusion criteria for O-LOAD were as follows: (1) 
having at least one parent diagnosed with probable LOAD 
according to the DSM-5 criteria, (2) being 40–65 years old at 
the time of recruitment, (3) having seven or more years of 
formal education, (4) having a Mini-Mental State Examina-
tion (MMSE) score >26 [47], (5) having no evidence of cur-
rent progressive neurological disease or medical conditions 
likely to impair cognitive function, (6) having no history of 
substance abuse (alcohol, marijuana, stimulants, benzodiaze-
pines, cocaine, or other illicit drugs), and (7) having a Ha-
chinski score < 4 to screen out subjects with vascular-
derived cognitive impairment [48]. 
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The control group consisted of 18 middle-aged adults 
(Table 1) with no known neurological or psychiatric disease 
according to their self-report and no evidence of cognitive 
decline or impairment in daily activities. An ophthalmologist 
performed an exam of visual acuity. Participants presenting 
ophthalmological diseases, such as glaucoma, visually sig-
nificant cataract or macular degeneration, as well as visual 
acuity less than 20/20, were excluded from the study. 

2.3. Cognitive Assessment 

A thorough neuropsychological battery standardly used 
in clinical practice was administered to all participants to 
assess attention, memory, executive functions, language, and 
visuospatial abilities.  

Although no participants reported subjective cognitive 
complaints, a thorough neuropsychological assessment was 
performed by a trained neuropsychologist blind to partici-
pants' status (O-LOAD, CS) as part of the recruitment pro-
cess. The neuropsychological battery is comprised of the 
following tests, all of which are widely and standardly used 
in clinical practice and do not require detailed explanation; 
Trail Making Test A (TMT A, sustained attention) and B 
(TMT B, cognitive flexibility) [49], Rey's Auditory Verbal 
Learning Test (RAVLT, verbal episodic memory) [50], se-
mantic fluency, "animals" category (verbal productivity, 
semantic memory) and phonemic fluency, letter "P" (verbal 
productivity) [51], D-KEFS design fluency (non-verbal 
productivity) [52], WAIS-III Vocabulary subtest (semantic 
memory) [53], WAIS-III Digits Forward (attention span) and 
Digits Backward (working memory) [53], WAIS-III Similar-
ities subtest (abstract thinking) [53], Drexel Tower of Lon-
don (TOL, planning, and problem solving) [54], Stroop Col-
or and Word Test (inhibition) [55]. 

Additionally, the Word Accentuation Test - Buenos 
Aires version (WAT-BA) [56] was implemented to estimate 
participants' intellectual quotient (IQ) as a measure of 
premorbid intelligence level. The Beck's Depression Inven-
tory (BDI II) [57] was administered to screen for depressive 
symptoms, which might impact cognitive performance.  

All subjects exhibited cognitive and intellectual perfor-
mance within normal limits on all administered tests accord-
ing to local norms. Therefore, none of the individuals met 
the clinical criteria for mild cognitive impairment or demen-
tia. Regarding the depression screening, no subjects met the 
criteria for major depression; therefore, no impacts on cogni-
tive function were observed. Table 1 shows neuropsycholog-
ical test results. 

2.4. Sentence Corpus  

The sentence corpus was composed of 40 regular sen-
tences in Spanish, which is the native language of all partici-
pants (e.g., “Yesterday I talked to Laura about her daughter”) 
[58]. The sentences comprised a well-balanced number of 
content and function words and had similar grammatical 
structures. 

Word and Sentence Length: Sentences ranged from a 
minimum of 5 words to a maximum of 14 words. The mean 
sentence length was 8.1 (SD=1.4) words. Words ranged from 
1 to 14 letters. The mean word length was 4.6 (SD=2.5). 

2.5. Apparatus and Eye Movement Data 

Single sentences were presented at the centerline of a 20-
inch LCD monitor (1024 x 768 pixels resolution; font: regu-
lar New Courier, 12 point, the vertical size of one character: 
0.5º of visual angle). Participants were seated in front of the 
monitor at a distance of 60 cm. Head movements were min-
imized using a chin rest. Eye movements were recorded with 
an EyeLink 1000 Desktop Mount eye tracker (SR Research, 
Ontario, Canada), with a sampling rate of 1000 Hz and an 
eye position resolution of 20-s arc. Eye movement data were 
screened for the loss of measurement and blinks. Data of 
sentences without problems were reduced to a fixation for-
mat after detecting saccades as rapid binocular eye move-
ments by using a binocular velocity-based detection algo-
rithm that was originally developed for the analyses of sac-
cades in attention-shifting experiments [59]. Fixations short-
er than 51 ms and longer than 750 ms, as well as fixations on 
the first and last word of each sentence, were removed from 
the analysis [5]. 

2.6. Procedures 

Participants’ gaze was calibrated with a standard 13-point 
grid for both eyes. After validation of calibration, a trial be-
gan with the presentation 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 relative to 
the fixation spot, the sentence was presented. After reading 
the sentence, participants had to direct their eyes to a dot in 
the lower right corner of the screen to end the trial. Occa-
sionally, external factors such as minor movements and slips 
from the headgear could cause small drifts. To avoid them, 
we performed a drift correction before each spot presenta-
tion. 

2.7. Statistical Analysis 

Our first approach was aimed at corroborating the dis-
criminative power of eye movements analysis during reading 
to distinguish between O-LOAD and controls. To fulfil that 
aim, we defined three linear models comprising a between-
subjects factor group (controls versus O-LOAD). The first 
model has log fixation duration (in milliseconds) as the de-
pendent variable, the second model has the number of fixa-
tions as the dependent variable, and the third model has sac-
cade amplitude (in degrees) as the dependent variable. Addi-
tionally, we added word number into each model as an inde-
pendent variable because it is a significant predictor when 
readers process words embedded in a sentence [60, 61]. Sta-
tistical analyses were performed in R version 3.1.1 (RDevel-
opment Core Team). Finally, group differences (i.e., controls 
versus O-LOAD) when considering neurocognitive tests 
were analyzed with one-way ANOVA and t-test.  

3. RESULTS 

3.1. Neuropsychological Tests 

As shown in Table 1, while all participants scored within 
the normal range for all tests (not shown), O-LOAD exhibit-
ed a lower performance than controls on the Rey Auditory 
Visual Learning Task (RAVLT). Significant differences 
were only observed in recognition when comparing controls 
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Table 1. Demographic and Clinical Data. 

- 

Group 

t-Statistic P-value CS (n=18) O-LOAD (n=18) 

Mean or Frequency SD or % Mean or Frequency SD or % 

Age 51.3 7.4 54.3 7.0 T=-1.230 .228 

Female 15 75 7 43.8 X2=3.653 .087 

Education 17.6 2.4 18.1 3.5 T=-.517 .609 

BDI II 7.7 7.8 7.7 5.9 T=.016 .987 

Estimated IQ 108.3 6.1 107.4 5.7 T=.436 .666 

TMT A 31.8 9.8 31.9 8.3 T=-.011 .991 

TMT B 62.1 19.8 64.7 18.1 T=-.412 .684 

RAVLT 

Learning Curve 46.4 9.4 44.3 7.3 T=.731 .470 

 Max. Learning 11.9 1.6 10.9 2.0 T=1.726 .095 

 Delayed Recall 10.1 2.0 8.8 2.9 T=1.529 .138 

 Recognition 13.9 1.3 13.1 1.2 T=2.04 .047 

Semantic Fluency 22.7 4.6 22.0 3.1 T=.526 .602 

Phonemic Fluency 18.1 3.5 17.7 4.6 T=.216 .831 

Design Fluency 

Trial 1 11.4 2.8 11.7 3.3 T=-.230 .820 

Trial 2 12.5 3.4 12.1 2.9 T=.347 .731 

Trial 3 8.1 2.0 7.8 1.8 T=.369 .714 

Vocabulary 50.3 5.9 48.9 8.5 T=.574 .571 

Digits Forward 9.7 2.2 9.4 1.8 T=.365 .718 

Digits Backwards 6.8 2.7 6.8 1.8 T=.039 .969 

Similarities 26.2 4.1 26.7 4.4 T=-.320 .751 

Tower of London 

Correct Exercises 3.7 2.0 4.8 2.3 T=-1.488 .147 

Total Moves 32.6 14.6 30.6 14.4 T=.408 .686 

Start Time (s) 54.2 27.0 77.9 43.8 T=-1.890 .071 

Execution Time (s) 213.8 96.5 232.3 92.4 T=-.577 .568 

Total Time (s) 267.9 111.1 302.1 119.3 T=-.871 .390 

Stroop 3.9 9.5 5.0 6.5 T=-.403 .690 

MMSE 29.5 0.7 28.9 1.0 T=1.7 .08 

BDI II: Beck’s Depression Inventory, second edition; TMT: Trail Making Test, RAVLT: Rey Auditory Verbal Learning Test. Our criterion for referring to an 
effect as significant was t+- 2.0 and p-value <0.05. 

 
vs. O-LOAD (t=2.04, p<0.01). There were no significant 
differences between controls vs. O-LOAD when considering 
other neuropsychological tests (Table 1). 

3.2. Eye Movement Behavior 

We hypothesized that O-LOAD would show minor diffi-
culties in processing and interpreting acquired data. As 
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shown in (Table 2 and Fig. 1), the mean fixation duration 
significantly decreased in O-LOAD compared to controls 
when reading sentences (t=-2.40, p<0.01). In addition, word 
number significantly increased fixation duration (t=10.07, 
p<0.001).  

When considering the mean number of fixations, we not-
ed that it increased in O-LOAD when compared to controls 
(t=2.34, p<0.01). When we evaluated whether word number 
affected the number of fixations, we noted that the number 
increased as readers moved forward along the sentence 
(t=5.76, p<0.001) (Table 3 and Fig. 2). 

Finally, as shown in (Table 4 and Fig. 3), the mean sac-
cade amplitude decreased significantly when comparing O-
LOAD and Controls’ saccades (t=-6.06, p<0.001). Saccade 
amplitude decreased significantly when increasing ordinal 
word number (t=-42.69, p<0.001). 

4. DISCUSSION 

There is consensus about the usefulness of eye-tracking 
metrics for the study of high-level activities [62]. Previous 
works showed that patients with moderate AD exhibited ab-
normalities in eye movements while reading a text [7, 15, 
21]. Given that the broad spectrum of events involved in 
reading requires information processing, coordination, and 
planning, we investigated whether subtle changes in word 
processing might lead to eye movement alterations detecta-
ble by the eye tracker. Three oculomotor metrics have been 
proved particularly informative: fixation duration, the num-
ber of fixations, and saccade amplitude [1]. Fixation duration 
provides an index of the time spent on a word for extracting 
relevant information. In our work, O-LOAD presented short-
er fixation periods when compared to controls. Only controls 
displayed longer fixations when moving forward along the 
sentence suggesting that they were processing and integrat-
ing the whole meaning of a sentence. As suggested, this ef-
fect seems to be impaired in O-LOAD, given that their fixa-
tions were consistently shorter and similar throughout the 
sentence (Table 2 and Fig. 1). O-LOAD’s shorter fixations 
probably reflect difficulties in the extraction of enough word 
information when reading fluently, which suggests they may 
need to fixate more time on each word, producing an in-
crease in their number of fixations. Our results suggest that 
this is the case when considering their fixation patterns (Fig. 
2). The number of fixations provides an index for the num-
ber of times a person looks at a particular place, which re-
flects the number of attentional resources needed to process a 
particular stimulus [63]. As a moment-to-moment measure 
of the focus of attention, the number of fixation path analysis 
can inform the strategies and approaches people use to solve 
problems [62, 64]. The increased number of fixations in O-
LOAD, when compared to controls, is consistent with a pre-
vious work where asymptomatic familial AD subjects 
(E280A-PSEN-1) showed deficits in visual memory recogni-
tion, alterations in their processing speed, and their short-
term memory (Fernandez et al., 2020, manuscript in prepara-
tion). Further, in previous works, mild AD showed shorter 
durations, particularly while encoding targets [8, 65]. This 
suggests that poor word extraction mechanisms during fluent 
reading could be the source of impairment found in O-
LOAD. Furthermore, a reduction in fixation duration and an 

increase in the number of fixations during reading may be 
the output of inefficient cortical integration mechanisms re-
sponsible for holding fluent word processing. Future studies 
will need to investigate the extent to which impaired eye 
movements and shorter fixations in O-LOAD may share neu-
rocognitive mechanisms. 

In previous works [9, 11, 12, 13], the amplitude of sac-
cades was proposed to depend on the complexity of the visu-
al stimulus. Generally, the easier the processing of the fixat-
ed region, the longer the saccade amplitude. Fernandez et al. 
[15] showed that the amplitude of the saccades during read-
ing was consistently shorter in mild LOAD when compared 
to controls. In our current work, O-LOAD showed shorter 
saccades when compared to controls. Previous works related 
altered saccadic movements in AD as a sign of neurodegen-
eration in basal ganglia, substantia nigra, the caudate nuclei, 
the reticular formation, and the superior colliculus, among 
others [66, 67, 68, 69, 70]. As Hikosaka [71] described, the 
basal ganglia control saccades through connections with the 
superior colliculus, which receives convergent input from 
cortical areas. The basal ganglia play a crucial role when 
performing a saccade to a particular target. In our work, O-
LOAD performance during reading suggests that some im-
pairment may be already present at basal ganglia and superi-
or colliculus, reducing saccade amplitudes. The sensorimotor 
signals carried by the basal ganglia neurons are strongly 
modulated depending on the behavioral context, which re-
flects working memory, expectation, and attention, all cogni-
tive processes. 

Recent works [72, 73] suggested that in healthy readers, 
word’s expectations and syntactic and grammatical congru-
ency act as an attentional filter to facilitate the extraction of 
information, resulting in performance benefits across multi-
ple domains, including saccades and reduced number of fixa-
tions. In our study, an impairment in O-LOAD’s recollection 
function may produce less efficient predictions and word’s 
online integration. The current O-LOAD eye movement pat-
terns are consistent with their memory performance meas-
ured by the RAVLT (i.e., recognition), suggesting that they 
showed a diminished capacity for recognizing words when 
compared to controls. Moreover, we have recently detected 
subtle but significant executive functioning deficits in O-
LOAD [30]. Presumably, eye movements during reading and 
executive function tasks performance share at least some 
processing circuits involving particular frontal cortical re-
gions. In this regard, this group of individuals displays amy-
loid deposit and volumetric abnormalities in frontal regions, 
presumably subserving both executive functioning and eye 
movements during reading [36]. If this relationship is con-
firmed in further studies, the present method could represent 
a candidate noninvasive biomarker for subtle, early Alz-
heimer´s disease-related neuropathology. We are currently 
exploring this possibility by establishing the relationship 
between in vivo amyloid deposit, executive functioning, and 
the eye movement abnormalities described herein. 

CONCLUSION 

The main conclusion of the present work is that O-LOAD 
evidenced altered eye movements during word reading, as 
shown by shorter fixation durations and saccade amplitudes, 
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Table 2. The log fixation duration (milliseconds) of O-LOAD and age-matched individuals (controls) while reading 40 sentences 
were compared. Linear models were computed. Our criterion for referring to an effect as significant was t+- 2.0 and p-
value <0.05. In addition, controls had longer fixation durations when compared with O-LOAD (Mean=5.28, SD=0.50; 
Mean=5.20 SD=0.51; controls and O-LOAD, respectively). 

- 
- Log Fixation Duration (milliseconds) - - 

M SE t-value P-value 

Fixed effects  

Mean log Fixation Duration 5.21 0.02 41.43 p<0.001 

Word Number 0.01 0.00 10.07 p<0.001 

Controls vs. O-LOAD -0.01 0.00 -2.40 p<0.01 

 

 
Fig. (1). Effect of the number of words in sentences on normalized log fixation duration. The panel reflects regression of log fixation duration 
on words on the respective number of words when considering controls vs. O-LOAD (t=-2.40, p<0.01). Gray areas represent 95% confidence 
intervals. 
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Table 3. The number of fixations of O-LOAD and age-matched individuals (controls) while reading 40 sentences were compared. 
Linear models were computed. Our criterion for referring to an effect as significant was t+- 2.0 and p-value <0.05. In ad-
dition, controls had longer fixation durations when compared with O-LOAD (Mean=1.22, SD=0.50; Mean=1.29 SD=0.56; 
controls and O-LOAD, respectively). 

- 
- Number of Fixations - - 

M SE t-value P-value 

Fixed effects  

Mean Number of Fixations 1.48 0.05 27.62 p<0.001 

Word Number 0.01 0.00 5.76 p<0.001 

Controls vs. O-LOAD 0.02 0.00 2.34 p<0.01 

 

 
Fig. (2). Effect of the number of words in sentences on normalized saccade amplitude. The panel reflects regression of saccade amplitude on 
words on the respective number of words when considering controls vs. O-LOAD (t=-6.06, p<0.001). Gray areas represent 95% confidence 
intervals. 
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Table 4. The saccade amplitude (degrees) of O-LOAD and age-matched individuals (controls) while reading 40 sentences were 
compared. Linear models were computed. Our criterion for referring to an effect as significant was t+- 2.0and p-value 
<0.05. In addition, controls had longer fixation durations when compared with O-LOAD (Mean=8.94, SD=5.60; 
Mean=8.01 SD=3.93; controls and O-LOAD, respectively). 

- 
 - Saccade Amplitude (Degrees)  -  - 

M SE t-value P-value 

Fixed effects  

Mean Saccade Amplitude 9.12 0.49 18.35 p<0.001 

Word Number -0.89 0.02 -42.69 p<0.001 

Controls vs. O-LOAD -0.54 0.08 -6.06 p<0.001 

 

 
Fig. (3). Effect of the number of words in sentences on the normalized number of fixations. The panel reflects regression of the number of 
fixations on words on the respective number of words when considering controls vs. O-LOAD (t=2.34, p<0.01). Gray areas represent 95% 
confidence intervals. 
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and increased number of fixations. This eye movement pat-
tern could be considered an early marker of oculomotor im-
pairment. Further research is needed to determine if this re-
flects the early compromise of Alzheimer´s disease-related 
brain areas and its relationship with actual clinical and func-
tional deterioration.  

ETHICS APPROVAL AND CONSENT TO PARTICI-
PATE 

The investigation was approved by the Bioethics Com-
mittee of FLENI Foundation, Argentina.  

HUMAN AND ANIMAL RIGHTS 

No animals were used in this research. All procedures 
performed in studies involving human participants were in 
accordance with the ethical standards of the institutional 
and/or research committee and with the 1975 Declaration of 
Helsinki, as revised in 2013. 

CONSENT FOR PUBLICATION 

All participants signed informed consent prior to their 
participation in the study. 

AVAILABILITY OF DATA AND MATERIALS 

The data and supportive information are available within 
the article. 

FUNDING 

Consejo Nacional de Investigaciones Científicas y Téc-
nicas (CONICET) provided support to Dr. Gerardo Fernán-
dez and the Universidad Nacional del Sur and CIC provided 
support to Dr. O. Agamennoni. 

CONFLICT OF INTEREST 

The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

Consejo Nacional de Investigaciones Científicas y Téc-
nicas (CONICET) provided support to Dr. Gerardo Fernán-
dez and the Universidad Nacional del Sur and CIC provided 
support to Dr. O. Agamennoni. 

REFERENCES 
[1] Rayner K. Eye movements in reading and information processing: 

20 years of research. Psychol Bull 1998; 124(3): 372-422. 
 http://dx.doi.org/10.1037/0033-2909.124.3.372 PMID: 9849112 
[2] Kennedy A, Pynte J. Parafoveal-on-foveal effects in normal 

reading. Vision Res 2005; 45(2): 153-68. 
 http://dx.doi.org/10.1016/j.visres.2004.07.037 PMID: 15581917 
[3] Kennedy A, Pynte J, Murray WS, Paul SA. Frequency and 

predictability effects in the Dundee Corpus: An eye movement 
analysis. Q J Exp Psychol 2013; 66(3): 601-18. 

 http://dx.doi.org/10.1080/17470218.2012.676054 PMID: 22643118 
[4] Kliegl R. Toward a perceptual-span theory of distributed 

processing in reading: A reply to Rayner, Pollatsek, Drieghe, 
Slattery, and Reichle. J Exp Psychol Gen 2007; 136: 530-7. 

 http://dx.doi.org/10.1037/0096-3445.136.3.530 

[5] Kliegl R, Nuthmann A, Engbert R. Tracking the mind during 
reading: The influence of past, present, and future words on 
fixation durations. J Exp Psychol Gen 2006; 135(1): 12-35. 

 http://dx.doi.org/10.1037/0096-3445.135.1.12 PMID: 16478314 
[6] Vitu F, Brysbaert M, Lancelin D. A test of parafoveal on-foveal 

effects with pairs of orthographically related words. J Cogn 
Psychol 2004; 16: 154-77. 

 http://dx.doi.org/10.1080/09541440340000178 
[7] Fernández G, Shalom D, Kliegl R, Sigman M. Eye movements 

during reading proverbs and regular sentences: The incoming word 
predictability effect. Lang Cogn 2014; 29(3): 260-73. 

 http://dx.doi.org/10.1080/01690065.2012.760745 
[8] Fernández G, Orozco D, Agamennoni O, et al. Visual Processing 

during short-term memory binding in mild Alzheimer’s Disease. J 
Alzheimers Dis 2018; 63(1): 185-94. 

 http://dx.doi.org/10.3233/JAD-170728 PMID: 29614644 
[9] Rayner K, Ashby J, Pollatsek A, Reichle ED. The effects of 

frequency and predictability on eye fixations in reading: 
Implications for the E-Z Reader model. J Exp Psychol Hum 
Percept Perform 2004; 30(4): 720-32. 

 http://dx.doi.org/10.1037/0096-1523.30.4.720 PMID: 15301620 
[10] Fernández G, Manes F, Rotstein NP, et al. Lack of contextual-word 

predictability during reading in patients with mild Alzheimer 
disease. Neuropsycholy 2014; 62: 143-51. b 

 http://dx.doi.org/10.1016/j.neuropsychologia.2014.07.023 PMID: 
25080188 

[11] Yan M, Kliegl R, Richter EM, Nuthmann A, Shu H. Flexible 
saccade-target selection in Chinese reading. Q J Exp Psychol 2010; 
63(4): 705-25. 

 http://dx.doi.org/10.1080/17470210903114858 PMID: 19742387 
[12] Li X, Liu P, Rayner K. Eye movement guidance in Chinese 

reading: Is there a preferred viewing location? Vision Res 2011; 
51(10): 1146-56. 

 http://dx.doi.org/10.1016/j.visres.2011.03.004 PMID: 21402094 
[13] Wei W, Li X, Pollatsek A. Word properties of a fixated region 

affect outgoing saccade length in Chinese reading. Vision Res 
2013; 80: 1-6. 

 http://dx.doi.org/10.1016/j.visres.2012.11.015 PMID: 23231957 
[14] Just MA, Carpenter PA, Woolley JD. Paradigms and processes in 

reading comprehension. J Exp Psychol Gen 1982; 111(2): 228-38. 
 http://dx.doi.org/10.1037/0096-3445.111.2.228 PMID: 6213735 
[15] Fernández G, Castro LR, Schumacher M, Agamennoni OE. 

Diagnosis of mild Alzheimer disease through the analysis of eye 
movements during reading. J Integr Neurosci 2015; 14(1): 121-33. 

 http://dx.doi.org/10.1142/S0219635215500090 PMID: 25728469 
[16] Schotter ER, Berry RW, McKenzie CRM, Rayner K. Gaze bias: 

Selective encoding and liking effects. Vis Cogn 2010; 18: 1113-32. 
 http://dx.doi.org/10.1080/13506281003668900 
[17] Moreno J, León J, Botella J. Age differences in eye movements 

during reading: Degenerative problems or compensatory strategy? 
A meta-analysis. Eur Psychol 2018; 1-15. 

[18] Cabeza R, Anderson ND, Locantore JK, McIntosh AR. Aging 
gracefully: Compensatory brain activity in high-performing older 
adults. Neuroimage 2002; 17(3): 1394-402. 

 http://dx.doi.org/10.1006/nimg.2002.1280 PMID: 12414279 
[19] Mosimann UP, Felblinger J, Ballinari P, Hess CW, Müri RM. 

Visual exploration behaviour during clock reading in Alzheimer’s 
disease. Brain 2004; 127(Pt 2): 431-8. 

 http://dx.doi.org/10.1093/brain/awh051 PMID: 14691059 
[20] Mendez MF, Mendez MA, Martin R, Smyth KA, Whitehouse PJ. 

Complex visual disturbances in Alzheimer’s disease. Neurology 
1990; 40(3 Pt 1): 439-43. 

 http://dx.doi.org/10.1212/WNL.40.3_Part_1.439 PMID: 2314585 
[21] Lueck KL, Mendez MF, Perryman KM. Eye movement 

abnormalities during reading in patients with Alzheimer disease. 
Neuropsychiatry Neuropsychol Behav Neurol 2000; 13(2): 77-82. 
PMID: 10780625 

[22] Frank EM. Effect of Alzheimer’s disease on communication 
function. J S C Med Assoc 1994; 90(9): 417-23. 
PMID: 7967534 

[23] Taler V, Phillips NA. Language performance in Alzheimer’s 
disease and mild cognitive impairment: A comparative review. J 
Clin Exp Neuropsychol 2008; 30(5): 501-56. 

 http://dx.doi.org/10.1080/13803390701550128 PMID: 18569251 



10    Current Alzheimer Research, XXXX, Vol. XX, No. XX Fernández et al. 

[24] Fielding J, Kilpatrick T, Millist L, White O. Multiple sclerosis: 
Cognition and saccadic eye movements. J Neurol Sci 2009; 277(1-
2): 32-6. 

 http://dx.doi.org/10.1016/j.jns.2008.10.001 PMID: 18977003 
[25] Posner MI. Orienting of attention. Q J Exp Psychol 1980; 32(1): 3-

25. 
 http://dx.doi.org/10.1080/00335558008248231 PMID: 7367577 
[26] Hoffman JV. In search of the “simple view” of reading 

comprehension. In: Susan E. I, Gerald GD, (eds.), Handbook of 
research on reading comprehension. Madison Ave, New York; 
2009; pp. 54-66. 

[27] Itoh N, Fukuda T. Comparative study of eye movements in extent 
of central and peripheral vision and use by young and elderly 
walkers. Percept Mot Skills 2002; 94(3 Pt 2): 1283-91. 

 http://dx.doi.org/10.2466/pms.2002.94.3c.1283 PMID: 12186250 
[28] Arnáiz E, Almkvist O. Neuropsychological features of mild 

cognitive impairment and preclinical Alzheimer’s disease. Acta 
Neurol Scand Suppl 2003; 179: 34-41. 

 http://dx.doi.org/10.1034/j.1600-0404.107.s179.7.x PMID: 
12603249 

[29] Bäckman L, Jones S, Berger AK, Laukka EJ, Small BJ. Multiple 
cognitive deficits during the transition to Alzheimer’s disease. J 
Intern Med 2004; 256(3): 195-204. 

 http://dx.doi.org/10.1111/j.1365-2796.2004.01386.x PMID: 
15324363 

[30] Abulafia C, Fiorentini L, Loewenstein DA, et al. Executive 
functioning in cognitively normal middle-aged offspring of late-
onset Alzheimer’s disease patients. J Psychiatr Res 2019; 112: 23-
9. a 

 http://dx.doi.org/10.1016/j.jpsychires.2019.02.016 PMID: 
30836202 

[31] Mosconi L, Berti V, Swerdlow RH, Pupi A, Duara R, de Leon M. 
Maternal transmission of Alzheimer’s disease: Prodromal 
metabolic phenotype and the search for genes. Hum Genomics 
2010; 4(3): 170-93. 

 http://dx.doi.org/10.1186/1479-7364-4-3-170 PMID: 20368139 
[32] Sánchez SM, Abulafia C, Duarte-Abritta B, et al. Failure to recover 

from proactive semantic interference and abnormal limbic 
connectivity in asymptomatic, middle-aged offspring of patients 
with late-onset Alzheimer’s disease. J Alzheimers Dis 2017; 60(3): 
1183-93. 

 http://dx.doi.org/10.3233/JAD-170491 PMID: 28984601 
[33] Sheng C, Xia M, Yu H, et al. Abnormal global functional network 

connectivity and its relationship to medial temporal atrophy in 
patients with amnestic mild cognitive impairment. PLoS One 2017; 
12(6): e0179823. 

 http://dx.doi.org/10.1371/journal.pone.0179823 PMID: 28650994 
[34] Abulafia C, Loewenstein D, Curiel-Cid R, et al. Brain structural 

and amyloid correlates of recovery from semantic interference in 
cognitively normal individuals with or without family history of 
late-onset Alzheimer's Disease. J Neuropsych Clin 2018. 

[35] Reinvang I, Grambaite R, Espeseth T. Executive dysfunction in 
MCI: Subtype or early symptom. Int J Alzheimers Dis 2012; 2012: 
936272. 

 http://dx.doi.org/10.1155/2012/936272 PMID: 22693679 
[36] Duarte-Abritta B, Villarreal MF, Abulafia C, et al. Cortical 

thickness, brain metabolic activity, and in vivo amyloid deposition 
in asymptomatic, middle-aged offspring of patients with late-onset 
Alzheimer’s disease. J Psychiatr Res 2018; 107: 11-8. 

 http://dx.doi.org/10.1016/j.jpsychires.2018.10.008 PMID: 
30308328 

[37] Rösler A, Mapstone ME, Hays AK, et al. Alterations of visual 
search strategy in Alzheimer’s disease and aging. Neuropsychology 
2000; 14(3): 398-408. 

 http://dx.doi.org/10.1037/0894-4105.14.3.398 PMID: 10928743 
[38] Pereira ML, Camargo Mv, Aprahamian I, Forlenza OV. Eye 

movement analysis and cognitive processing: Detecting indicators 
of conversion to Alzheimer’s disease. Neuropsychiatr Dis Treat 
2014; 10: 1273-85. 

 http://dx.doi.org/10.2147/NDT.S55371 PMID: 25031536 
[39] Olsen RK, Chiew M, Buchsbaum BR, Ryan JD. The relationship 

between delay period eye movements and visuospatial memory. J 
Vis 2014; 14(1): 1-11. 

 http://dx.doi.org/10.1167/14.1.8 PMID: 24403394 

[40] Sperling RA, Aisen PS, Beckett LA, et al. Toward defining the 
preclinical stages of Alzheimer’s disease: Recommendations from 
the National Institute on Aging-Alzheimer’s Association 
workgroups on diagnostic guidelines for Alzheimer’s disease. 
Alzheimers Dement 2011; 7(3): 280-92. 

 http://dx.doi.org/10.1016/j.jalz.2011.03.003 PMID: 21514248 
[41] Abulafia C, Duarte-Abritta B, Villarreal MF, et al. Relationship 

between cognitive and sleep-wake variables in asymptomatic 
offspring of patients with late-onset Alzheimer’s Disease. Front 
Aging Neurosci 2017; 9: 93. 

 http://dx.doi.org/10.3389/fnagi.2017.00093 PMID: 28424614 
[42] Wilson KE, Abulafia C, Loewenstein DA, et al. Individual 

cognitive and depressive traits associated with maternal versus 
paternal family history of Late-onset Alzheimer’s disease: 
Proactive semantic interference versus standard neuropsychological 
assessments. Personal Med Psych 2018; 11: 1-6. 

 http://dx.doi.org/10.1016/j.pmip.2018.09.002 
[43] Duarte-Abritta B, Sánchez SM, Abulafia C, et al. Amyloid and 

anatomical correlates of executive functioning in middle-aged 
offspring of patients with late-onset Alzheimer’s disease. 
Psychiatry Res Neuroimaging 2021; 316: 111342. 

 http://dx.doi.org/10.1016/j.pscychresns.2021.111342 PMID: 
34365076 

[44] Abulafia C, Loewenstein D, Curiel-Cid R, et al. Brain structural 
and amyloid correlates of recovery from semantic interference in 
cognitively normal individuals with or without family history of 
late-onset Alzheimer’s Disease. J Neuropsychiatry Clin Neurosci 
2019; 31(1): 25-36. b 

 http://dx.doi.org/10.1176/appi.neuropsych.17120355 PMID: 
30305005 

[45] Del Cerro I, Villarreal MF, Abulafia C, et al. Disrupted functional 
connectivity of the locus coeruleus in healthy adults with parental 
history of Alzheimer’s disease. J Psychiatr Res 2020; 123: 81-8. 

 http://dx.doi.org/10.1016/j.jpsychires.2020.01.018 PMID: 
32044590 

[46] Sánchez SM, Duarte-Abritta B, Abulafia C, et al. White matter 
fiber density abnormalities in cognitively normal adults at risk for 
late-onset Alzheimer’s disease. J Psychiatr Res 2020; 122: 79-87. 

 http://dx.doi.org/10.1016/j.jpsychires.2019.12.019 PMID: 
31931231 

[47] Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A 
practical method for grading the cognitive state of patients for the 
clinician. J Psychiatr Res 1975; 12(3): 189-98. 

 http://dx.doi.org/10.1016/0022-3956(75)90026-6 PMID: 1202204 
[48] Rosen WG, Terry RD, Fuld PA, Katzman R, Peck A. Pathological 

verification of ischemic score in differentiation of dementias. Ann 
Neurol 1980; 7(5): 486-8. 

 http://dx.doi.org/10.1002/ana.410070516 PMID: 7396427 
[49] Reitan R, Wolfson D. Neuropsychological test battery: Theory and 

clinical interpretation. Neuropsychology press Tuscon 1985; p. AZ. 
[50] Rey A. L’examen clinique en psychologie. Paris: Presses 

Universitaires de France 1964. 
[51] Spreen O, Benton A. Neurosensory Center Comprehensive 

Examination for Aphasia (NCCEA) Victoria. British Columbia: 
University of Victoria Neuropsychology Laboratory 1977. 

[52] Delis DC, Kaplan E, Kramer JH. Delis-Kaplan executive function 
system: Technical manual. Psychological Corporation 2001. 

[53] Wechsler D. Wechsler adult intelligence scale-III. San Antonio, 
TX: The Psychological Corporation 1997. 

[54] Culbertson WC, Zillmer E. Tower of London-Drexel University 
(TOLDX). Multi-Health Systems 2001. 

[55] Golden CJ. Stroop color and word test: A manual for clinical and 
experimental uses. Chicago, IL: Stoelting 1978. 

[56] Sierra SN, Montañes P, Sierra Matamoros FA, Burin D. Estimating 
intelligence in Spanish: Regression equations with the Word 
Accentuation Test and demographic variables in Latin America. 
Appl Neuropsychol Adult 2015; 22(4): 252-61. 

 http://dx.doi.org/10.1080/23279095.2014.918543 PMID: 25402323 
[57] Beck AT, Steer RA, Brown GK. Beck depression inventory-II. San 

Antonio 1996; 78(2): 490-8. 
[58] Fernández G, Mandolesi P, Rotstein NP, Colombo O, Agamennoni 

O, Politi LE. Eye movement alterations during reading in patients 
with early Alzheimer disease. Invest Ophthalmol Vis Sci 2013; 
54(13): 8345-52. b 



Eye Movement Behavior in the Offspring of Late-onset Alzheimer’s Disease During Reading Current Alzheimer Research, XXXX, Vol. XX, No. XX    11 

 http://dx.doi.org/10.1167/iovs.13-12877 PMID: 24282223 
[59] Engbert R, Kliegl R. Microsaccades uncover the orientation of 

covert attention. Vision Res 2003; 43(9): 1035-45. 
 http://dx.doi.org/10.1016/S0042-6989(03)00084-1 PMID: 

12676246 
[60] Dambacher M, Kliegl R, Hofmann M, Jacobs AM. Frequency and 

predictability effects on event-related potentials during reading. 
Brain Res 2006; 1084(1): 89-103. 

 http://dx.doi.org/10.1016/j.brainres.2006.02.010 PMID: 16545344 
[61] Hoffman J. Visual attention and eye movements. Attention. Hove: 

Psychology Press 1998; pp. 119-54. 
[62] Eckstein MK, Guerra-Carrillo B, Miller Singley AT, Bunge SA. 

Beyond eye gaze: What else can eyetracking reveal about cognition 
and cognitive development? Dev Cogn Neurosci 2017; 25: 69-91. 

 http://dx.doi.org/10.1016/j.dcn.2016.11.001 PMID: 27908561 
[63] Meghanathan RN, van Leeuwen C, Nikolaev AR. Fixation duration 

surpasses pupil size as a measure of memory load in free viewing. 
Front Hum Neurosci 2015; 8: 1063. 

 http://dx.doi.org/10.3389/fnhum.2014.01063 PMID: 25653606 
[64] Chen P, Ratcliff G, Belle SH, Cauley JA, DeKosky ST, Ganguli M. 

Cognitive tests that best discriminate between presymptomatic AD 
and those who remain nondemented. Neurology 2000; 55(12): 
1847-53. 

 http://dx.doi.org/10.1212/WNL.55.12.1847 PMID: 11134384 
[65] Fernandez G, Parra Mario A. Oculomotor behaviors and integrative 

memory functions in the Alzheimer’s clinical syndrome. J 
Alzheimers Dis 2021. 

 http://dx.doi.org/10.3233/JAD-201189 PMID: 34151787 
[66] Leigh RJ, Zee DS. The neurology of eye movements. Oxford: 

Oxford University Press 2006; pp. 151-86. 

[67] Scudder CA, Kaneko CS, Fuchs AF. The brainstem burst generator 
for saccadic eye movements: A modern synthesis. Exp Brain Res 
2002; 142(4): 439-62. 

 http://dx.doi.org/10.1007/s00221-001-0912-9 PMID: 11845241 
[68] Wurtz RH, Goldberg ME. The Neurobiology of Saccadic Eye 

Movements. Reviews of Oculomotor Research. Amsterdam: 
Elsevier 1989; Vol. 3: pp. 257-84. 

[69] Liversedge SP, Findlay JM. Saccadic eye movements and 
cognition. Trends Cogn Sci 2000; 4(1): 6-14. 

 http://dx.doi.org/10.1016/S1364-6613(99)01418-7 PMID: 
10637617 

[70] Munoz DP, Armstrong IT, Hampton KA, Moore KD, Kimberly D. 
Altered control of visual fixation and saccadic eye movements in 
attention-deficit hyperactivity disorder. J Neurophysiol 2003; 
90(1): 503-14. 

 http://dx.doi.org/10.1152/jn.00192.2003 PMID: 12672781 
[71] Hikosaka O, Takikawa Y, Kawagoe R. Role of the basal ganglia in 

the control of purposive saccadic eye movements. Physiol Rev 
2000; 80(3): 953-78. 

 http://dx.doi.org/10.1152/physrev.2000.80.3.953 PMID: 10893428 
[72] Fernández G, Guinjoan S, Sapognikoff M, Orozco D, Agamennoni 

O. Contextual predictability enhances reading performance in 
patients with schizophrenia. Psychiatry Res 2016; 241: 333-9. 

 http://dx.doi.org/10.1016/j.psychres.2016.05.010 PMID: 27236087 
[73] Fernández G, Laubrock J, Mandolesi P, Colombo O, Agamennoni 

O. Registering eye movements during reading in Alzheimer’s 
disease: Difficulties in predicting upcoming words. J Clin Exp 
Neuropsychol 2014; 36(3): 302-16. a 

 http://dx.doi.org/10.1080/13803395.2014.892060 PMID: 24580505 
 

 
DISCLAIMER: The above article has been published, as is, ahead-of-print, to provide early visibility but is not the final ver-
sion. Major publication processes like copyediting, proofing, typesetting and further review are still to be done and may lead to 
changes in the final published version, if it is eventually published. All legal disclaimers that apply to the final published article 
also apply to this ahead-of-print version. 


