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Background: Functional defects in eye movements and reduced
reading speed in neurodegenerative diseases represent a potential
new biomarker to support clinical diagnosis. We investigated
whether computer-based eye-tracking (ET) analysis of the King-
Devick (KD) test differentiates persons with idiopathic normal
pressure hydrocephalus (iNPH) from cognitively unimpaired [con-
trol (CO)] and persons with Alzheimer’s disease (AD).

Methods: We recruited 68 participants (37 CO, 10 iNPH, and 21
AD) who underwent neurological examination, the Consortium to
Establish a Registry for Alzheimer’s Disease neuropsychological
test battery (CERAD-NB), and a Clinical Dementia Rating inter-
view. The KD reading test was performed using computer-based
ET. We analyzed the total time used for the reading test, number of
errors, durations of fixation and saccade, and saccade amplitudes.

Results: The iNPH group significantly differed from the CO group
in the KD test mean total time (CO 69.3 s, iNPH 87.3 s; P≤ 0.009)

and eye-tracking recording of the mean saccade amplitude (CO 3.6
degree, iNPH 3.2 degree; P≤ 0.001). The AD group significantly
differed from the CO group in each tested parameter. No significant
differences were detected between the iNPH and AD groups.

Conclusion: For the first time, we demonstrated altered reading
ability and saccade amplitudes in patients with iNPH.
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R ecent studies demonstrate that several age-related pro-
gressive neurodegenerative diseases can be detected by

monitoring patients’ eye movements.1,2 Typical reported
changes include unintentional eye movements, decreased
amplitude of saccades, and increased number of fixation points
compared with age-matched healthy persons.3–6 Fixation
means focusing the visual gaze on a stationary object, with the
intent of keeping the object in the fovea.7 Saccadic eye
movements are rapid jumps of the gaze from one point of
fixation to another, during which no visual observations can be
made.8 Saccades can be either reflexive or voluntary, with the
latter including predictive saccades, antisaccades, and mem-
ory-guided saccades.8 Changes in unintentional eye move-
ments are also related to decreased reading speed or increased
number of reading errors during a reading task.2,4 Changes in
all of these functions have been observed in patients with
Alzheimer’s disease (AD),3–5 even in its prodromal stage,1,6,9,10

compared with in cognitively unimpaired persons.
There is a need for new easy-to-use and specific bio-

markers for neurodegenerative disorders to help clinicians
make a diagnosis as early as possible, and for accurate
differential diagnostics. AD is a typical neurodegenerative
disorder in which it is desirable to reach a diagnosis before
the disease has progressed to involve massive neuronal loss
of the brain, to enable early initiation of targeted medication
and nonpharmacological interventions.11 However, it can
be challenging to distinguish specific neurodegenerative
disorders from each other in the early disease stages.12

Idiopathic normal pressure hydrocephalus (iNPH) is a
progressive neurodegenerative disease with characteristic
symptoms of gait disturbances, cognitive decline, and
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urinary incontinence.13,14 Differential diagnostics of iNPH
with other neurodegenerative disorders may be challenging
in the absence of typical iNPH-specific symptoms and
findings, especially when persons with iNPH exhibit AD-
like neuropathology.15,16

The King-Devick (KD) test is a relatively short, rapid
number naming assessment, which involves measurements
of eye movements, attention, and language. The test was
originally developed to detect reading problems in children,
but its use has expanded, mostly in research involving the
detection of concussions, Parkinson’s disease (PD), multiple
sclerosis and, most recently, AD.17

Eye tracking (ET) is a useful tool for detecting saccadic
eye movements during a reading task. The control of sac-
cades decreases with age.18 ET recordings have been used in
research to find differences in oculomotor activity between
cognitively unimpaired persons and patients with AD
dementia.2,5 In addition to AD, ET technology has been
used to screen for cognitive dysfunction in other neuro-
logical disorders, such as PD, amyotrophic lateral sclerosis,
MS, and epilepsy.19

The combination of the KD test and ET constitutes an
easy-to-use test battery, and a potential new biomarker for
detecting a person with cognitive decline or to differentiate
memory disorders. The current literature lacks reports of
possible reading or eye movement changes in persons with
iNPH. As iNPH is a neurodegenerative disorder, we
hypothesize that affected persons may experience problems
relating to unintentional eye movements and reading.

In the present study, we investigated whether it was
possible to distinguish cognitively unimpaired controls,
persons with iNPH or AD from each other based on
changes in eye movements and reading problems as deter-
mined using computer-based ET recordings.

METHODS

Ethics Statement
This study adhered to the principles of the Declaration

of Helsinki, and was evaluated by the Kuopio University
Hospital Ethical Committee (Dnro: 482/2017 and 276/
2016). All study participants read the information letter and
signed an informed consent before the start of the study.
Proxy consent was required from participants in the
dementia stage of AD.

Study Design, Participants, and Study Protocol
For this study, we recruited a total of 68 volunteers,

including 37 cognitively unimpaired persons [(control (CO)
group], 21 persons with very mild or mild AD [Clinical
Dementia Rating (CDR) = 0.5 to 1.0; AD group], and 10
persons with iNPH (iNPH group) without other neuro-
degenerative disorders. The CO and AD groups were
recruited from the Brain Research Unit, University of
Eastern Finland (UEF). The iNPH group was recruited from
the Kuopio NPH-registry (http://www.uef.fi/nph), which
included 764 consecutive iNPH patients by the end of 2020.

All iNPH diagnoses were clinically evaluated by a
neurosurgeon based on the ICD-10 criteria, including
magnetic resonance imaging (MRI) brain scan.13,14 All
persons with iNPH had a shunt and had no AD-related
pathology detected in the right frontal cortical biopsy taken
during shunt surgery. The persons with AD were diagnosed
by neurologists, and all underwent a brain MRI or com-
puted tomography (CT) scan, differential diagnostic

laboratory tests, and a neuropsychological test battery. The
revised National Institute on Aging and Alzheimer’s Asso-
ciation (NIA/AA) criteria were used.20 All persons with AD
were treated according to standard clinical practices, and
appropriate AD medication was initiated. Persons were
accepted to the CO group if they performed all cognitive
tests within normal limits, and exhibited no anamnestic
cognitive decline or decline in daily functions based on the
demographic and CDR interview.

All the study participants underwent clinical examina-
tion by an ophthalmologist, a demographic interview, and a
neurological status examination. In addition, a Consortium
to Establish a Registry for Alzheimer´s Disease neuro-
psychological test battery (CERAD-NB) was performed.21

Disease severity was assessed using the CDR global score
(CDR global score).20 All study participants gave venous
blood samples for detection of ApoE ε4 alleles.

All the participants performed the KD test. ET
recordings was used to measure saccadic eye movements
and fixations.

CERAD-NB
The CERAD-NB21 was used to evaluate cognition.

The Finnish version of the CERAD-NB includes all subtests
from the original English test battery: the Boston Naming
Test (15-item version; range 0 to 15), category fluency
(animals; range from 0 to no limit), Mini-Mental State
Examination (MMSE, range 0 to 30), wordlist learning
(range 0 to 30), wordlist recall (range 0 to 10), wordlist
recognition (range 0 to 20), and constructional praxis (range
0 to 11). In addition, the clock drawing test (range 0 to 6)
and constructional praxis delayed recall test (range 0 to 11)
were added to the Finnish version.22

ApoE Genotyping
From venous blood samples, genomic DNA was

extracted using the QIAamp DNA blood mini extraction kit
(QIAGEN). ApoE gene alleles were determined using
TaqMan genotyping assays [Applied Biosystems (ABI),
Foster City, CA] for 2 single nucleotide polymorphisms
(rs429358 and rs7412), and an allelic discrimination method
on the ABI 7000 platform.23

KD
We used the standardized KD test to detect possible

reading problems among the study participants.17 The KD
test (1 to 2 min) includes 3 short reading tasks where a
participant reads the items (numbers) as fast as possible
from cue cards. The tasks gradually become more
demanding, and the items more difficult to visually follow
correctly. The total reading time (in seconds, s) and the
number of errors during the task are counted.

ET Recordings and Apparatus
ET recordings were generated using a Windows PC

with an USB web camera, microphone, and a Tobii TX300
display with an integrated ET unit from Tobii Technology
AB, Sweden.24 The ET data were recorded in authentic
hospital settings with fluorescent lighting and daylight in the
room. All participants were seated 60 cm from the screen.
Internal movement compensation by the Tobii TX300 unit
was used to ensure data accuracy in the event of small head
movements. The unit was calibrated for each participant
using the regular 9-point calibration with the medium speed
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preset. In addition to ET data, the participants were audio
and video recorded using Tobii Studio 3.2.1 software.25

Data Processing
ET results were obtained by exporting the recording in

Tobii Studio 3.4.8 using the I-VT filter with the following
standard default values: max gap length interpolation = 75
ms, window length = 20 ms, velocity threshold = 30 deg/s,
merging adjacent fixations between 75 ms and 0.5 deg, and
discarding fixations <60 ms.26 Next, the exported data were
further processed using custom Python 3.6.9 scripts, where
task-specific medians were calculated for each participant
for further eye-tracking analysis. The timing of the ET test
slides was also used to calculate the total time used for KD
test per participant.

Audio recordings of tests were processed using the
Aalto-ASR 1.1 module on CSC’s Taito supercluster.27 The
resulting TextGrid files were then manually quality con-
trolled in Elan 5.2, where erroneous words were tagged and
necessary timing corrections were made. Next, the processed
TextGrid files were utilized in custom Python 3.6.9 scripts to
automatically calculate the number of errors made by each
participant in the KD test.

Statistical Analyses
The demographic data and CERAD-NB subtests were

analyzed using the IBM SPSS Statistics for Mac (Version
27.0; IBM, Armonk, NY). For categorical variables (sex
and ApoE ε4 carrier), differences between the groups
were analyzed using the χ2 test or Fisher exact test, when
applicable. A 1-way ANOVA was used for a multiple
comparison for continuous variables (age, education, and
CERAD-NB subtest results), and Bonferroni correction was
used for post hoc comparisons between the groups.

Data points for both eye-tracking and audio-based
analysis were collated and processed using custom-made
Python 3.6.9 scripts. For each participant, we calculated
KD task-specific eye-tracking medians for fixation duration,
saccade duration, and saccade amplitudes, as explained
above. We preferred to use the medians of each participant’s
performances (rather than means) to compensate for the
interindividual variability in eye-tracking data quality (ie,
sample success rate), as medians would not be affected by
abnormal artificial outliers the same way as means would.
The annotated audio transcripts were utilized for automated
calculation of errors made during the KD test. The data
were then imported to IBM SPSS Statistics 27 for statistical
analysis. Between-group differences are presented in the
results as means calculated based on each participant’s
median performances (3 performances per participant). The
data were evaluated with 1-way analysis of variance
(ANOVA) followed by Bonferroni correction.

Before the study was conducted, we performed power
calculations based on the study by Galetta et al17 With a
power of 0.80, P= 0.05, and a 3:1 enrollment ratio, the total
sample size required was determined to be 44.

RESULTS
Table 1 presents the demographic characteristics of the

study participants and the results of the CERAD-NB
subtests. The CO and iNPH groups significantly differed in
seven CERAD subtests (P <0.02), and the CO and AD
groups significantly differed in 9 subtests (P≤ 0.02). In
addition, compared with the AD group, the iNPH group
performed significantly better on 3 subtests: wordlist

learning, delayed constructional praxis, and global memory
scores (P< 0.05) (Table 1).

KD Test
The total time used and total number of reading errors

during the KD test are summarized in Table 2 and visual-
ized in Fig. 1A, B. The CO group performed the test sig-
nificantly faster (mean 69.3 s) than the iNPH group (mean
87.3 s; P≤ 0.009) and the AD group (mean 82.7 s; P≤ 0.016)
(Table 2). The mean reading speed did not significantly
differ between the iNPH and AD groups. The within-group
variability in median reading speed (between the fastest and
the slowest readers) was highest in the AD group (median
time 83.6 s, range 48.1 to 123.8 s), followed by the CO group
(median time 65.6 s, range 48.6 to9 107.8), and lowest in the
iNPH group (median time 77.4 s, range 67.7 to 125.9)
(Fig. 1A).

The mean number of reading errors ( ± SD) was
significantly higher in the AD group than the CO group
(2.74 ± 3.6 vs. 0.62 ± 1.8, respectively; P≤ 0.01). The mean
number of reading errors (±SD) did not significantly differ
between the iNPH group (mean 0.70 ± 0.9) and the CO
group, or between the iNPH and the AD groups (Table 2).
The within-group variability in number of reading errors
was highest in the AD group (range 0 to 11), followed by the
CO group (range 0 to 8), and lowest in the iNPH group
(range 0 to 3). In all study groups, some participants
performed the test without mistakes (Fig. 1B).

ET Recordings
The findings regarding fixation and saccade duration (ms)

and saccade amplitude (degrees) in the ET recordings are
presented in Table 2 and illustrated in Fig. 2A, B. As we
expected, the mean saccade duration was longer in the CO
group (27.1 ± 4.3 ms) than in the iNPH group (25.0 ± 6.1 ms)
and AD group (24.8 ± 4.4 ms). The difference between the CO
and AD groups was significant (P≤0.016). The range of sac-
cade duration was 13.0 to 33.0 ms in the CO group, 17.0 to
37.0 ms in the iNPH group, and 17.0– to 38.5 ms in the AD
group (Fig. 2A).

The mean saccade amplitude ( ± SD) was 3.6 ± 0.6
degrees in the CO group, 3.2 ± 0.6 degrees in the iNPH
group, and 3.2 ± 06 degrees in the AD group. Saccade
amplitudes were significantly lower in the iNPH group
(P≤ 0.031) and AD group (P≤ 0.001) compared with the
CO group (Fig. 2B). The iNPH and AD group did not
significantly differ from each other.

The duration of fixation time (ms) was highest in the
CO group and, was only slightly lower in the iNPH and AD
groups. We found no statistically significant differences
between any of the groups. Within-group variability in fix-
ation duration was highest in the CO group and lowest in
the iNPH group (Table 2).

DISCUSSION
To our knowledge, this is the first study that has used

computer-based ET during the KD test to examine the
reading ability and eye movements in persons with iNPH
compared with persons with AD and cognitively unim-
paired controls. The reading speed and accuracy, as well as
eye saccades and fixations during the task, differed between
the iNPH and CO groups, supporting our hypothesis, and
were parallel between the iNPH and AD groups.
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KD Test Results
The literature describes slower reading speeds in

AD,4,5,9 but lacks reported reading speeds in persons with
iNPH. Here, for the first time, we report altered reading
performance of persons with iNPH. Reading speed was
similarly decreased in iNPH as in persons with AD. These
results indicate the potential usefulness of the KD reading
task and ET recordings to differentiate persons with iNPH
or AD from cognitively unimpaired individuals.

Although mean reading speeds were statistically
similar between the AD and iNPH groups, the reading
speed variation was greater in the AD group than in the
iNPH group. Moreover, the AD group made more errors
than the CO or iNPH groups, and the reading error var-
iability was highest in the AD group and lowest in the
iNPH group.

There are no previous results to compare with our
present findings in the iNPH group. However, it has been
reported that persons with AD show greater variability in
raw reading speeds and make more errors than, for
example, persons with mild cognitive impairment or
controls.2,4,17 Persons with Lewy Body dementia are
reportedly slower readers than persons with AD.28

Therefore, it would be interesting to further investigate
differences between persons with iNPH and other neuro-
degenerative disorders.

ET Recordings
Age-related alterations of the frontal cortex are

thought to be associated with the deterioration of saccade
generation and saccadic eye movements in aging.18 We may
assume that the change in saccadic eye movements is even
more profound in neurodegenerative disorders. In the
presently obtained ET recordings, the iNPH and AD groups
showed similarly decreased mean saccade duration. Shorter
saccade durations in AD have been previously reported.2,5

Notably, in our study, the within-group variability in
saccade duration was lower in the iNPH group compared
with the AD group. Furthermore, saccade amplitudes were
similarly decreased in the iNPH and AD groups.

Fixation durations did not differ between the study
groups, although the mean time was slightly longer in the
CO group. In contrast, most previous studies have shown
a longer mean fixation duration in persons with AD
compared with cognitively unimpaired controls.29 This
may be related to the study group selection. In our study,

TABLE 1. Demographic Characteristics of the Study Participants and the CERAD-NB Results

CO iNPH AD P CO-iNPH P CO-AD P iNPH-AD

N 37 10 21
Demographics
Age in years 71.0 (5.1) 75.9 (5.7) 71.1 (6.9) 0.061 1.000 0.098
Women 20 (54.1) 7 (70.0) 13 (61.9) 0.481 0.594 0.712
Education in years 12.6 (4.3) 10.0 (3.5) 12.5 (4.2) 0.261 1.000 0.354
ApoE ε4 carrier 14 (37.8) 0 (0.0) 15 (78.9) 0.022 0.005 < 0.001

CERAD-NB (maximum score)
Verbal fluency (animals) 25.1 (7.3) 15.5 (5.2) 15.9 (6.3) < 0.001 < 0.001 1.000
Boston Naming Test (15) 13.4 (1.7) 12.7 (1.9) 11.1 (3.3) 1.000 0.002 1.000
MMSE (30) 28.4 (1.5) 24.7 (3.6) 23.9 (3.0) < 0.001 < 0.001 1.000
Wordlist learning (30) 23.1 (3.1) 15.9 (2.0) 13.3 (2.2) < 0.001 < 0.001 0.043
Wordlist savings (%) 95.1 (10.6) 56.3 (24.5) 38.6 (29.9) < 0.001 < 0.001 0.099
Wordlist recognition (%) 98.2 (3.6) 83.5 (21.5) 74.8 (11.6) < 0.001 < 0.001 0.106
Constructional praxis (11) 10.5 (1.0) 9.2 (1.8) 9.4 (2.7) 0.133 0.092 1.000
Constr. praxis savings (%) 95.1 (10.1) 87.8 (26.1) 60.8 (39.3) 1.000 < 0.001 0.020
Clock drawing (6) 5.5 (0.6) 4.4 (1.2) 4.2 (1.6) 0.013 < 0.001 1.000
Global Memory Score (30) 27.8 (1.8) 21.8 (2.7) 16.9 (3.3) < 0.001 < 0.001 < 0.001

Values are presented as mean and SD, except for sex and ApoE ε4 carrier status, which are shown as number and percentage of the participants.
Bold P values indicate significant differences between groups (P ≤ 0.05).
AD indicates Alzheimer’s disease; CERAD-NB, the Consortium to Establish a Registry for Alzheimer’s disease neuropsychological test battery; CO, control;

iNPH, idiopathic normal pressure hydrocephalus; MMSE, Mini-Mental State Examination; N, number of participants.

TABLE 2. Results of the King-Devick Test and Simultaneous Eye-tracking Recording

CO iNPH AD P CO-iNPH P CO-AD P iNPH-AD

King-Devick test
N 34 10 19

Total time, s 69.3 (14.2) 87.3 (21.1) 82.7 (16.5) 0.009 0.016 1.000
Total number of errors 0.62 (1.8) 0.70 (0.9) 2.74 (3.6) 1.000 0.010 0.106
Eye-tracking results
N 34 9 16
Fixation duration, ms 248.9 (47.0) 230.5 (44.7) 241.0 (44.5) 0.199 0.991 1.000
Saccade duration, ms 27.1 (4.3) 25.0 (6.1) 24.8 (4.4) 0.111 0.016 1.000
Saccade amplitude, deg 3.6 (0.6) 3.2 (0.6) 3.2 (0.6) 0.031 0.001 1.000

Values are presented as mean and SD.
Bold P values indicate significant differences between groups (P≤ 0.05).
AD indicates Alzheimer’s disease; CO, control; deg, degrees; iNPH, idiopathic normal pressure hydrocephalus; ms, milliseconds; N, number of participants,

s, seconds.
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all of the persons with AD or iNPH had a disease stage
involving very mild or mild dementia, and their perform-
ance, for example, in MMSE was better than in many
previously published studies focusing on differences
between AD and controls.29 Interestingly, the variability
in fixation duration was lowest in the iNPH group. No
previous studies have reported fixation duration in iNPH,
and this finding must be further studied in a larger group
of persons with iNPH.

The CERAD-NB was used to assess the participants’
cognitive performance and to form a CO group of cogni-
tively healthy individuals. Persons with iNPH and AD were
clearly different from controls and, given the sample size,
the cognitive profile was parallel to previous research
evidence.30 ApoE ε4 is a known genetic risk factor for AD,31

but is not associated with iNPH.32 The groups in our study
had different ApoE ε4 carrier profiles, supporting the suc-
cessful patient selection. ApoE ε4 carriers constituted 79% of
the AD group, and 38% of the CO group, whereas there
were no ApoE ε4 carriers in the iNPH group.

In general, we found that, in line with AD group, the
iNPH group showed impaired results on the reading tests
and in saccade generation. Persons with AD develop
progressive attentional, visuoperceptual, language, and
oculomotor alterations that may impact their reading
ability.2 Certain saccade pursuit errors and horizontal
prosaccade latency are thought to be linked to posterior
brain regions that typically show degeneration in AD.33

Theoretically, the degenerative process related to parietal
and posterior temporal regions in AD may explain the
impaired oculomotor movements that are also associated
with visuospatial function.33 We may speculate that these
changes could also explain the changes observed in iNPH.
Psychomotor slowing and attention impairment play a
greater role in iNPH than in AD,34 and are also observed

in other functions, such as gait.35 Therefore, it would be
reasonable to investigate differences between iNPH and
AD by further examining the reading ability and oculo-
motor function.

Strengths and Limitations
The sample size for this study was calculated based on

a previous study in which the KD test was able to dis-
tinguish persons with AD from cognitively healthy
controls.17 We hypothesized that the effect size would be
approximately the same in persons with iNPH due to
cognitive characteristics of the disease, which proved to be
correct. On the basis of eye movements, our test
arrangement was able to distinguish both neuro-
degenerative diseases, iNPH and AD, from controls, but
not from each other. This results may have been influenced
by the small sizes of 2 disease groups, if the statistical
power of our study was not sufficient to make this dis-
tinction. One strength of our study was the strict exclusion
criteria. Various eye diseases that impair vision and cause
reading difficulties become more common with aging.36

Each participant in our study underwent clinical exami-
nation by an ophthalmologist, to avoid errors in the
results caused by decreased visual acuity. In addition, this
study excluded persons having any brain disorders other
than iNPH or AD. Participants underwent thorough
assessment of cognitive level, along with daily functioning,
to ensure comprehension and cooperation before the
KD test.

Implications and Future Studies
INPH and AD are progressive neurodegenerative dis-

orders in which early diagnosis is crucial for initiating early
treatment and maintaining affected persons’ quality of
life.37–39 Our present results, together with previous

FIGURE 2. Eye-tracking results as box plots. A, Median saccade durations in milliseconds. B, Median saccade amplitudes in degrees. AD
indicates Alzheimer’s disease; CO, control; deg, degrees; iNPH, idiopathic normal pressure hydrocephalus; ms, milliseconds. *P≤0.05,
**P≤0.01, ***P≤0.001.

FIGURE 1. King-Devick test results presented as box plots. A, Total time used for the test in seconds. B, Number of errors made during
the test. AD indicates Alzheimer’s disease; CO, control; iNPH, idiopathic normal pressure hydrocephalus; s, seconds. *P≤0.05, **P≤0.01,
***P≤0.001.
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evidence, suggest that the KD test combined with a com-
puter-based ET device could be a potential tool for diag-
nosis of neurodegenerative diseases. It is even possible that
studying changes in these tests could facilitate the identi-
fication of individuals who are at risk of developing
AD.1,3,6,10 Because of its ease of use and cost-effectiveness,
this type of testing could become a valuable tool for primary
health care units, for identification of neurodegenerative
diseases. Further studies with larger sample size are needed
to confirm our findings in iNPH. It would also be interesting
to further investigate which reading or oculomotor function
tests can distinguish iNPH from AD.

CONCLUSIONS
In this study, we were able to distinguish the iNPH

group from cognitively unimpaired persons by using the KD
test and ET recordings. The iNPH patient group sig-
nificantly differed from cognitively unimpaired persons in
terms of reading ability and oculomotor functions, and
showed performance similar to the AD group on several
tests. We demonstrated that iNPH was associated with
decreased reading speed, saccade durations, and saccade
amplitudes.
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