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Abstract

Background: Pupillary response reflects cognitive workload during processing speed, working
memory, and arithmetic tasks in Parkinson’s disease (PD). Abstract reasoning, a higher-order
cognitive function that relates different objects, events, or thoughts in a similar manner, may also
be compromised in PD. The aim of this study was to compare pupillary response as a measure of
cognitive workload while completing a verbal abstract reasoning test between patients with PD
and age-matched controls.

Methods: Nineteen non-demented individuals with PD (66.6 £ 8.9 years) and 10 healthy controls
(65.3 + 7.3 years) were recruited. A remote eye tracker recorded the pupillary response at 60 Hz,
while the participants were performing the Similarities test of Wechsler Adult Intelligence Scale-
IV. Outcome measures included pupillary response, evaluated by the Index of Cognitive Activity
(ICA), and behavioral responses of the Similarities test.

Results: The PD group (scaled scores = 8.9 + 2.2) did not show impairment in behavioral
performance on Similarities test compared with healthy controls (scaled scores =8.8 £ 2.3; p
=.91). However, the PD group (ICA = .32 +.09) demonstrated significantly greater cognitive
workload during the Similarities test compared to controls (ICA = .24 + .08; p = .03).

Conclusions: Non-demented individuals with PD exerted greater cognitive workload to
complete a verbal abstract reasoning task despite similar behavioral performance compared to
healthy controls. Clinical utilities of pupillary response to detect and monitor early impairment in
higher-order executive function will be the subject of further study in the PD population.
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INTRODUCTION

Cognitive impairment is a common non-motor manifestation of Parkinson’s disease (PD).
Nearly 25% of individuals with newly diagnosed PD show cognitive deficits.[1] Among
non-demented individuals with PD, between 17% and 30% are diagnosed with mild
cognitive impairment.[2] Mild cognitive impairment in PD may eventually develop to PD-
dementia.[3] Individuals with PD show approximately a six-fold greater risk of developing
PD-dementia as their disease progresses compared with the healthy individuals.[4] Since
dementia is considered to be an irreversible condition with substantial implications on an
individual’s quality of life and can cause significant socioeconomic burden, much effort has
been invested in early detection of cognitive impairments.[5]

In PD, dopamine signaling dysfunction in the pre-frontal cortex (PFC) is linked to impaired
executive functions.[6] Verbal abstract reasoning is an executive function involving higher-
order and complex thought processes through the PFC expressed in verbal language.[7] The
PFC is extensively interconnected with different parts of the brain through feedforward and
feedback circuits. These associations enable the PFC to mediate multiple brain functions
such as executive function, memory, intelligence, and language. The PFC is particularly
associated with relational abstract reasoning, which is frequently used when one tries to
integrate relationships between pieces of information that are not directly related (e.g., How
are a cat and a dog alike? How are a bicycle and a car alike?). Furthermore, abstract
reasoning is important in daily life since this cognitive ability helps people better understand
complicated events, objects, and concepts by identifying them in a related manner.[8]
Previous studies have shown that individuals with PD have significantly poorer verbal
abstract reasoning compared to healthy individuals.[9, 10] However, it is possible that in the
early stages of the PD, individuals might compensate for impairments in verbal abstract
reasoning by executing higher cognitive workload to perform similarly to healthy controls.

Pupillary response is a reliable and valid measurement for cognitive workload that has been
utilized in individuals with PD who have or are at risk of cognitive impairment.[11, 12]
Pupils dilate when individuals perform cognitive tasks and subside quickly after the task is
completed. Pupillary response induced by cognitive tasks is linked with the activation of
locus coeruleus-norepinephrine system. The locus coeruleus primarily produces
norepinephrine which plays an important role in the regulation of cognitive functions
including attention, learning, memory, and decision making.[13] The underlying mechanism
of the connection between pupil dilation and locus coeruleus activity is not fully understood,
but neuroimaging showed correlations between pupil dilation and locus coeruleus activity
during cognitive tasks.[14] The pupillary response can be accurately measured by
pupillometric devices such as an eye tracker.[15] These eye tracking devices measure
changes in pupil size, which in turn reflects changes in cognitive workload during cognitive
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tasks.[16] Pupillary response during cognitive tasks has been investigated in different studies
examining processing speed, attention, and arithmetic tasks in neurodegenerative conditions.
[11, 17, 18] Abstract reasoning, however, includes the ability to relate different concepts on
a complex level through evaluating and applying previous knowledge in problem-solving by
using theories, metaphors, and complex analogies.[7]

In this pilot study, we investigated the difference in cognitive workload exertion measured
by pupillary response in a verbal abstract reasoning task between non-demented individuals
with PD and healthy controls. We hypothesized that non-demented individuals with PD
would exert greater cognitive workload while performing equally well in a verbal abstract
reasoning task when compared to performance of healthy controls on the same task.

METHODS

Participants

Non-demented individuals with PD were recruited from the Parkinson’s Disease and
Movement Disorders Center at the University of Kansas Medical Center. Diagnosis of
idiopathic PD was based on the UK Parkinson’s Disease Brain Bank Clinical Diagnostic
Criteria.[19] Spouses of the non-demented individuals with PD or volunteers from the
community were recruited as healthy controls. Dementia and mild cognitive impairment
were ruled out by scoring within normative values on a standard cognitive assessment
battery (Level Il guideline).[20] All participants were considered non-demented.[17] The
inclusion criteria for both groups were (1) Montreal Cognitive Assessment (MoCA) score >
25; (2) scores within two standard deviations from normative values or mean values of
healthy controls of the cognitive battery to determine mild cognitive impairment; and (3)
able to give voluntary consent. The exclusion criteria were (1) diagnosis of mild cognitive
impairment or dementia; (2) atypical parkinsonism; (3) secondary parkinsonism; (4) history
of unresolved neurological, visual (e.g., glaucoma, cataracts) or vestibular conditions
unrelated to PD; (4) severe trunk and head dyskinesia or dystonia in the medication “ON”
state; (5) blepharospasm; (6) deep brain stimulation; and (7) unpredictable motor
fluctuations. This study was approved by the Institutional Review Board (ID:
STUDY00004461). All participants gave written informed consent prior to enrollment in the
study.

General testing

Demographics (e.g., age, sex, handedness, and education) and clinical characteristics (e.qg.,
duration of disease and medication) of the participants were collected via questionnaires. For
the non-demented individuals with PD, daily levodopa equivalent dosage (LED) was
calculated. The calculation of LED was based on Tomlinson, Stowe [21]. The MoCA was
administrated to all participants to assess global cognition. Non-demented individuals with
PD were administered the Movement Disorder Society - Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS) Part 1l (motor experiences of daily living) and Part 111 (motor
examination), and modified Hoehn and Yahr (H&Y) stage scale. They also completed the
Scales for Outcomes in Parkinson’s Disease - Autonomic Dysfunction (SCOPA-AUT). This
test was used to assess the possible effect of autonomic dysfunction on pupillary response.
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The Similarities test of the Wechsler Adult Intelligence Scale - Fourth Edition (WAIS-1V)
was administered to assess verbal abstract reasoning from the Q-interactive iPad-based
application. This test was endorsed by the Movement Disorder Society to assess verbal
abstract reasoning in PD.[20] During the test, participants were asked to determine the
similarity between two words or concepts. The highest score for this test is 36 points (scaled
score range: 1 to 19), in which a higher score indicates better abstract thinking ability and
verbal reasoning. After the testing, scaled scores were calculated based on the number of
correct answers. The test was administered in a one-time session by a trained graduate
research assistant. This study followed the STROBE guidelines (Supplementary Table 1).
[22]

Assessment of cognitive workload

The amount of cognitive workload during the Similarities test was evaluated through
pupillary response. Participants were asked to sit in front of a 9.7-inch iPad Air 2 (A1566,
Apple Inc., 2014) which was mounted on a stand in an air-conditioned room. Lighting
conditions were the same across evaluations. A height-adjustable table was used to place the
center of the iPAD Air 2 at the level of participants’ eyes. A remote eye tracker (FX3,
SeeingMachines, Inc.) was placed right underneath the iPad and recorded raw pupil size at
60 Hz while participants were performing the Similarities test. The test administrator
verbally asked each of the questions. Each question was shown on the iPad screen to ensure
accurate capturing of the pupils. The participants were asked to verbally answer each of the
questions. The answers of the participants were manually recorded on the Q-interactive
application. EyeWorks™ Record software (EyeTracking, Inc., 2011) was used to record raw
pupil size throughout the testing.

After the testing, raw pupil size data were transformed into the Index of Cognitive Activity
(ICA). The ICA has been applied in different domains of cognition,[23] driving,[24-26]
linguistic processing,[27] and cognitive-motor dual tasking.[28] The ICA is an algorithm,
which measures cognitive workload through pupil dilation by filtering out the light reflex
using a wavelet analysis.[16] The wavelet analysis removes large oscillations due to the light
reflex and retains abrupt and short dilation that reflects cognitive workload.[25] The ICA is
computed from the ratio of the number of abrupt and short pupil dilations in one second over
the theoretical maximum. The ICA is then scaled to give a value between 0 (no cognitive
workload) and 1 (maximum cognitive workload).[29] ICA values were averaged for each
eye.

Statistical analysis

Demographic and clinical characteristics of non-demented individuals with PD and healthy
controls were compared using unpaired #tests for continuous variables or by Chi-square test
for categorical variables. The effect size (d) was calculated and interpreted using Cohen’s
criteria (small = .2-.5; medium = .5-.8; large = .8).[30] The eye tracking data were normally
distributed according to the Kolmogorov-Smirnov statistic. Unpaired ¢tests were used to
compare the mean of the behavioral responses and the amount of cognitive workload spent
during the Similarities test between non-demented individuals with PD and healthy controls.
Pearson’s correlation coefficients (/) were calculated for each group to examine relationships
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between mean ICA and other variables including demographic, clinical, and Similarities test
score, and interpreted as r=.25-.50, weak relationship; 7= .50-.75, moderate relationship;
and r> .75, excellent relationship.[31] The level of significance was set at .05. All statistical
analyses were performed using IBM SPSS Statistics v24.

Demographic and clinical characteristics

Twenty-nine individuals participated in the study (19 non-demented PD and 10 healthy
controls. Non-demented individuals with PD and healthy controls were matched based on
age, years of education, and cognitive status (MoCA score). Non-demented individuals with
PD had mild to moderate disease severity based on H&Y stage and MDS-UPDRS Il and |11
scores. One individual was in H&Y stage I, 16 individuals were in H&Y stage 11, and two
individuals were in H&Y stage Ill. The mean disease duration was 5.7 years. A summary of
the demographic and clinical characteristics of the groups are shown in Table 1.

Comparison of cognitive workload

Non-demented individuals with PD (.32 + .09) exerted more cognitive workload indexed by
ICA of the right eye during the Similarities test compared with healthy controls (.24 + .08)
(p =.03; Cohen’s d = .93) (Figure 1). The left eye ICA values were not significantly
different between the non-demented individuals with PD (.31 + .07) and healthy controls
(.27 £ .09) during the Similarities test (p = .19).

Behavioral responses

Non-demented individuals with PD (8.9 + 2.2) and healthy controls (8.8 + 2.3) performed
similarly during the Similarities test (p =.91).

Relationship between cognitive workload and demographic, clinical, and behavioral

variables
The left and right ICAs were significantly correlated (r = .50, p =.003). There was a weak
correlation between right eye ICA and MDS-UPDRS Il (r = .33, p =.17), MoCA (r=-.38, p
=.11), SCOPA-AUT (r = .31, p=.18), and LED (r = .23, p = .35) in the PD group. In
addition, there was a weak correlation between right eye ICA and years of education (r =
-.30, p = .40), and a moderate correlation between right eye ICA and behavioral responses
of the Similarities test (r = .52, p =.12) in the healthy controls.

DISCUSSION

This study investigated cognitive workload measured by pupillary response in non-demented
individuals with PD and healthy controls during a task of verbal abstract reasoning. Our
main findings demonstrated increased cognitive workload while performing verbal abstract
reasoning tasks in individuals with PD compared to healthy controls, despite equal
behavioral responses on the verbal abstract reasoning task.
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Among various cognitive domains, executive dysfunctions in PD are considered the most
profound impairment.[32] Abstract reasoning is a higher-order executive function built upon
three cores of executive functions including working memory, inhibition, and cognitive
flexibility.[33] In daily life, abstract reasoning function enables the generalization of
multiple sources of information and apply the generalized information in novel but similar
situations. Thus, when this ability is impaired, people may become less efficient in daily
living. While conventional neuropsychological exams have shown inconsistent results in the
verbal abstract reasoning domain in PD, pupillary response showed differences between
individuals with PD and healthy controls.

Several studies have found increased cognitive workload in individuals with PD during
simple speed of processing, arithmetic, and attention tasks. Ranchet, Orlosky [11]
demonstrated that individuals with PD exerted more cognitive workload during a
prosaccadic task. In addition, cognitive workload during the prosaccadic task was also
greater in PD participants with mild cognitive impairment compared to non-demented PD.
[11] Wang, Mclnnis [34] demonstrated disruptions of pupillary response modulation in anti-
saccadic preparation in individuals with PD. A previous study also established the accuracy
of pupillometry to discern changes in cognitive demand of a working memory and updating
task in individuals with PD.[17] Similar observations have been reported in individuals with
mild cognitive impairment.[35] However, two studies found no significant difference in
pupillary response between individuals with multiple sclerosis and healthy controls.[36, 37]
Therefore, further studies are warranted to compare pupillary response behaviors across
different neurodegenerative diseases.

Interestingly, we found the ICA from the right eye to differentiate between PD and healthy
controls during verbal abstract reasoning tasks, while no differences were found in the ICA
from the left eye. Similar differences between right and left ICA data were found in other
studies.[11, 17] Measurement error of the ICA may be the reason for differences in left and
right ICA. Alternatively, a functional neuroimaging study of relational abstraction reported
activation of left-lateralized PFC regions.[38] Furthermore, the abstract reasoning test used
in this study was verbally administered. Thus, the task may engage more areas of the brain
related to language, which is considered one of the most left-hemispheric lateralized
functions of the brain.[39] This brain hemisphere lateralization could potentially contribute
to asymmetry of pupillary responses.[38, 39] However, the underlying mechanism of this
phenomenon is unclear and should be tested in future studies.

In our study, no significant difference was observed in the scores of verbal abstract
reasoning test between individuals with PD and healthy controls. This finding is in
accordance with previous findings suggesting normal abstract reasoning function in
individuals with PD.[40, 41] By contrast, some other studies reported poorer abstract
thinking and reasoning in PD compared to the healthy individuals.[9, 10] The difference in
outcomes may be due to different inclusion criteria (e.g., PD-dementia included) or the use
of different neuropsychological tests (e.g., Cambridge Cognitive Examination for Mental
Disorders-Revised (CAMCOG-R)). In our study, individuals with non-demented PD
performed similarly on verbal abstract reasoning test compared to the healthy controls, yet
differences might be observed in the amount of cognitive workload that is exerted. Future
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studies should investigate whether increased cognitive workload is a predictor of cognitive
impairment.

Overall, our finding demonstrates the potential of using pupillary response as a more
sensitive measurement tool for subtle cognitive changes and perhaps early detection of
cognitive impairment in non-demented PD. Such knowledge will enable people to prepare
an adequate treatment plan (e.g., cognitive therapies) capable of slowing down cognitive
deterioration prior to actual manifestation of cognitive impairment associated with PD.

Although we found a significant difference in cognitive workload between non-demented
PD and healthy controls (p=.03), the current results should be interpreted with caution due
to the small sample size. While p-values are largely dependent on the number of samples
[42], the effect size is dependent on the size of the sample and provides the magnitude of the
study effect [43]. In this study, we found a strong effect size (Cohen’s d=.93), providing a
solid justification for future studies with larger sample size. In this study, all individuals with
PD used medication to alleviate PD symptoms. Previous reports suggested that pupil dilation
can be induced by acute overdose of levodopa[44] and indirectly elicited by levodopa
therapy.[45] However, in our analysis, no significant relationship was found between
pupillary response and LED in the PD group. In this pilot study, we only examined two
groups, non-demented PD and healthy controls. However, future studies may have an
additional group with de novo PD who are in the early stage of disease without taking
levodopa. It is still controversial whether levodopa affects cognitive function and which
cognitive domains are affected in individuals with PD [46-48]. Thus, future studies with de
novo PD will provide further information in cognitive workload across the stages of PD and
the levodopa use status. Other limitations included an unmatched sex distribution between
groups, unequal participant numbers between PD and healthy control groups, and a lack of
longitudinal analysis in verbal abstract reasoning due to the cross-sectional design, which
should be addressed in future studies. In this study, we administered a verbal test
recommended by the UPDRS task force to examine the abstract reasoning domain in non-
demented PD. However, the abstract reasoning domain may also be tested through a
graphical test such as the WAIS-1V matrix reasoning and the Halstead-Reitan category test.
Future studies need to explore any differences in cognitive workload tested by both verbal
and graphical formats that examine the same cognitive domain, which may offer additional
insight into the role of the verbal component when solving abstract reasoning tasks.

In conclusion, this pilot study examined cognitive workload measured by pupillary
responses during verbal abstract reasoning tasks. Pupillary response effectively distinguished
between cognitive workload exerted by non-demented individuals with PD and healthy
controls, despite equal performance in the conventional neuropsychological test. Our
preliminary findings demonstrate the potential of pupillary response as a sensitive measure
of cognitive workload that can possibly detect subtle cognitive changes in individuals with
PD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cognitive Workload (ICA)

Healthy Controls

Figure 1.
Comparison of amount of cognitive workload among the groups based on ICA data from the

right eye. ICA = Index of Cognitive Activity; PD = Parkinson’s disease.
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Table 1
Demographic and clinical characteristics
Variable PD(n=19) Healthy Cf(gtro's(“ =
Age (years) 66.6 +8.9 65.3+7.3 .70
Sex (female/male, n) 5/14 713 03"
Education (years) 175+28 17.3+39 .84
Handedness (R/L, n) 19/0 10/0 N/A
Cognitive status (MoCA score) 273+14 27623 .69
Disease duration (years) 57+3.0 N/A N/A
MDS-UPDRS 11 115+6.8 N/A N/A
MDS-UPDRS I1I 30.9+115 N/A N/A
Modified H & Y scale 21+ .4 N/A N/A
LED 749.3 +370.9 N/A N/A
SCOPA-AUT 155+6.6 N/A N/A

Page 12

Note: PD = Parkinson’s disease; R/L = Right/Left; MoCA = Montreal Cognitive Assessment; MDS-UPDRS = Movement Disorder Society Unified
Parkinson Disease Rating Scale; H &Y = Hoehn and Yahr; LED = Levodopa Equivalent Dose; SCOPA-AUT = Scales for Outcomes in Parkinson's
Disease-Autonomic questionnaire; N/A = Not Applicable. The results are presented as mean + standard deviation except for the sex variable.

*
Significant value (p < .05).
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