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Reward sensitivity and action in Parkinson’s
disease patients with and without apathy

®Kinan Muhammed,"? Michael Ben Yehuda,? Daniel Drew,"? (®Sanjay Manohar'?* and
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Clinical apathy results in dysfunction of goal directed behaviour, a key component of which is the initiation of action. Previous
work has suggested that blunting of reward sensitivity is an important mechanism underlying apathy. However, an additional com-
ponent might be impoverished initiation of action itself. This study aims to investigate the link between motivation and motor out-
put and its association with apathy and dopamine. An oculomotor task that measures pupillary and saccadic response to monetary
incentives was used to assess reward sensitivity, first in 23 young and 18 elderly controls, and then in 22 patients with Parkinson’s
disease tested ON and OFF dopaminergic medication. To distinguish between pupillary responses to anticipated reward alone ver-
sus responses associated with motor preparation, a saccadic ‘go/no-go’ task was performed. Half of the trials required a saccade to
be initiated to receive a reward and in the remaining trials no action was required but reward was still obtained. No significant dif-
ference in pupil response was demonstrated between the two conditions in all groups tested, suggesting pupillary responses to
rewards are not contingent upon motor preparation in Parkinson’s disease. Being ON or OFF dopamine did not influence this re-
sponse either. Previous work demonstrated associations between apathy and pupillary reward insensitivity in Parkinson’s disease.
Here we observed this effect only when an action was required to receive a reward, and only in the ON state. These findings sug-
gest that apathy in Parkinson’s disease is linked to reduced reward sensitivity and that this is most prominently observed when
actions have to be initiated to rewarding goals, with the effect modulated by being ON dopaminergic medication. OFF medication,
there was no such strong relationship, and similarly in the ‘no-go’ conditions, either ON or OFF dopaminergic drugs. The results
provide preliminary data which suggest that apathy in Parkinson’s disease is associated with a reduction in reward sensitivity and
this is most evident when associated with initiation of goal directed actions in the presence of adequate dopamine.
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Introduction

Clinical apathy is a syndrome which manifests as a re-
duction in goal directed behaviour and is associated with
significant reduction in quality of life."™ It is common in
neurodegenerative  disorders, particularly = Parkinson’s
disease with a prevalence ranging up to 70%.'?
Importantly, apathy is considered not to be a secondary
psychological reaction to physical impairments of
Parkinson’s disease,® but instead a consequence of neuro-
degeneration of frontostriatal regions, including reward
sensitive regions of the basal ganglia, such as the ventral
striatum, and the dorsal anterior cingulate cortex—areas
that play a central role in motivated behaviour and initi-
ation of actions.'?

Over the last few years, several studies have suggested
blunted reward sensitivity forms an important component
of apathy. Most notably, the association with reward
sensitivity and apathy has been demonstrated in
Parkinson’s disease and found to be modulated by dopa-
mine. This has been explored using different behavioural
paradigms, including effort-based decision-making tasks
and oculomotor eye tracking experiments.'*!” Results
from reward-effort discounting assessments demonstrate
Parkinson’s disease patients with apathy are less inclined
to make a physical effort for reward compared to those
without apathy, particularly if the reward level is low.'”
Additionally, dopamine therapy in these patients increases
both motor vigour and engagement rate for high effort
and higher offer rewards, highlighting dopamine’s modu-
latory effect.

Similarly, the ability to objectively measure reward sen-
sitivity has also been demonstrated in oculomotor experi-
ments.'®*% On anticipation of a reward, pupil dilatation
in healthy individuals and those with Parkinson’s disease,
scales with incentives on offer prior to making eye
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movements to obtain them. This anticipatory pupil re-
sponse is blunted in patients with clinical apathy and
again modulated by dopamine, with dopaminergic medi-
cation increasing reward sensitivity.'® Dopamine’s modu-
latory effect on reward sensitivity makes it an important
neurotransmitter in motivational processes that underpin
goal-directed behaviour.”**® In rodents, dopamine signals
in the ventral striatum ramp up with increasing proximity
to and value of future rewards as animals engage in
physical effort to reach them.?” In humans, focal lesions
of the basal ganglia can lead to apathy, which may be
reversed by dopaminergic medication in some cases.?®*°

Most behavioural tasks that attempt to assess associa-
tions with reward sensitivity, apathy and Parkinson’s
disease, require motor acts to be performed in order to
obtain a reward. Indeed, a proposed mechanism of goal
directed behaviour is the requirement to initiate actions
to achieve an objective.””' But is reward sensitivity
dependent on goal directed action—the motor response
normally required to obtain a rewarding goal—or does it
occur regardless of motor preparation? One possible in-
terpretation of the findings in Parkinson’s disease patients
is that that those with clinical apathy have dysfunction in
their evaluation of rewards and this might explain the
paucity of their actions, a key clinical characteristic of
the syndrome.>” But impairments in the process of trans-
lating valuation into action, in addition simply to reward
sensitivity, might also be important in apathy but this
has yet to be fully explored in patients.

Imaging studies in humans reliably identify ventral
frontal and striatal areas in association with apathy.!®33
In healthy young people, apathy correlates with reduced
white matter connectivity between rostral cingulate areas
and medial brain regions linked to movement control
including the supplementary motor area.”*
apathetic participants also appeared to incur larger costs
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(increased brain activation) in initiating effort. Therefore,
apathy may encompass difficulty in the transformation of
an intention (motivation to act) to the action itself,
possibly via limbic-motor system dysfunction.”**

In animals, dopamine has been specifically implicated
in the transition from incentive evaluation to initiation of
action. Dopamine within the nucleus accumbens (NAcc)
of the ventral striatum, increases when a cue for a re-
ward is heard and, crucially, a movement also must be
initiated in order to receive the reward.’ This phasic
dopamine response peaks just before receipt of a reward
and is not present when a movement is not required to
obtain it, even though the reward cue conveyed the same
information about the upcoming incentive. Dopamine re-
lease in the NAcc therefore appears contingent on initi-
ation of motor actions and not just reward evaluation,
implicating it as a potential interface between limbic and
motor systems.>®*” Indeed, lesions to limbic regions alter
evaluation of reward and effort costs.*® Damage to either
the ACC or mesolimbic dopamine pathways in rats and
monkeys, creates a bias in preference towards options
that require low effort but for relatively small re-
ward,”®*?  resulting in devaluation of reward and
increased sensitivity to the effort costs for actions. The
NAcc receives dopaminergic inputs from the ventral teg-
mental area (VTA) and degeneration of the VTA-NAcc
pathway in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) lesioned monkeys has specifically been associated
with apathy.*”

These considerations suggest that attempts to probe the
complex interplay between brain regions associated
with reward valuation and initiation of movements may
enhance understanding of mechanisms underlying apathy
in neurodegenerative diseases such as Parkinson’s disease.
In a previous oculomotor study, apathetic Parkinson’s
disease patients demonstrated reduced pupillary response
to incentives, modulated by dopaminergic state, being
blunted when patients were OFF dopaminergic drugs.'®
Crucially, however, it was not established whether the
observed pupillary reward sensitivity effects were contin-
gent on action, or to dopaminergic status when an action
was not performed. Nor was it determined how this
might relate to apathy.

Therefore, in this study, we aim to investigate the rela-
tionship between reward evaluation and movement initi-
ation in healthy participants and those with Parkinson’s
disease, focusing on specific oculomotor and pupillary
responses to reward, the effect of dopamine and the link
to apathy. We aim to address the following questions:
First, do anticipatory pupil responses to rewards arise
due to motor preparation signals linked to performing an
action, or are such anticipatory pupil responses to reward
dissociable from movement? Second, are reward sensitiv-
ity deficits in Parkinson’s disease patients with clinical ap-
athy linked to impairments in the evaluation of rewards
only or, are the initiation of actions also crucial for asso-
ciation of reward cues? Finally, how are anticipatory
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pupillary responses associated with or without actions,
modulated by dopaminergic state in Parkinson’s disease?

In order to address these questions, an adaptation of a
previous oculomotor study '¢ was performed. This was
carried out in young and elderly healthy participants as
well as a group of patients with idiopathic Parkinson’s
disease, assessed both ON their normal dopaminergic
medication and while OFF. The task was a novel vari-
ation of a ‘go/no-go’ paradigm designed specifically to
explore initiation of actions rather than response inhib-
ition as no reflexive movements needed to be suppressed.
It comprised, within the same block of trials, two separ-
ate types of trial, one where a motor action (saccadic
eye movement) was made to receive a monetary reward,
and another where no action was required for reward.
Saccadic  eye parameters and pupillary
response to reward cues were measured in all the partici-
pant groups, as well as being related to clinical apathy,
and being ON or OFF dopaminergic drugs, in
Parkinson’s disease patients.

movement

Materials and methods

Healthy young and elderly people and patients with idio-
pathic Parkinson’s disease were recruited. The study was
approved by the local ethics committee, written consent
was obtained from all subjects, and the protocol followed
the principles of the Declaration of Helsinki. Young
participants were enlisted through the online recruiting
system of the Department of Experimental Psychology at
the University of Oxford. Elderly control subjects were
sampled from a pool of volunteers registered with the
Oxford Dementia and Ageing Research (OxDARE).
Parkinson’s disease patients were recruited from clinics in
the Oxfordshire area. A minimum of £8 and maximum
of £12 was paid for participation in the study and trans-
port costs were reimbursed. Parkinson’s disease patients
were assessed for apathy using the Lille Apathy Rating
Scale (LARS)*'; they were also screened for depression
with the Beck Depression Inventory-II (BDI-II)** and for
cognitive impairment using the Montreal Cognitive
Assessment (MoCA).** Parkinson’s disease severity was
measured using the Movement Disorder Society Unified
Parkinson’s disease rating scale (UPDRS)** and Hoehn &
Yahr Staging. Levodopa equivalent doses were calculated
for all Parkinson’s disease patients. All participants had
normal or corrected to normal vision at the time of test-
ing and neurological examination revealed no oculomotor
deficits.

Twenty-three young healthy volunteers and eighteen
elderly control participants with no history of psychiatric
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Table | Demographic comparison of Parkinson’s disease patients and elderly controls

Healthy elderly

Parkinson’s disease Elderly controls ver-

controls (medicated) sus
Parkinson’s disease
P-value
n 18 22
Age (years) 70.4 (£6) 65.2 (+£8.9) 0.03*
Apathy (LARS) —26 (+5.4) —23.5 (£8.5) 0.2
Depression Score (BDI-II) 5.4 (£4.0) 11.3 (£7.0) <0.017
MoCA 27.5 (*+2.2) 28.6 (*1.4) 0.06
UPDRS | NA 5.5 (+4.1) NA
UPDRS Il ON NA 18.5(£9.8) NA
Hoehn and Yahr Stage NA 1.4 (£0.6) NA
Hours since last dose ON versus OFF NA 2.4 (£2.4) versus 14.1 (=4.1) NA
Levodopa equivalent dose (mg/24 h) NA 615 (£72.7) NA

Numbers in brackets represent standard deviations and standard error of the mean where appropriate.
Eight Parkinson’s disease patients and three controls scored worse than the —22 apathy threshold on the LARS, | Parkinson’s disease patient was classified as having moderate
depression (21-30 on the BDI-l), 4 borderline (1720 on the BDI-ll), and the remainder fell below the depression classification threshold (< 16 on the BDI-II).

“Indicates a significant difference.

BDI-Il = Beck Depression Inventory Il; LARS = Lille Apathy Rating Scale; MoCA = Montreal Cognitive Assessment; UPDRS = Unified Parkinson’s disease rating scale.

or neurological disorders took part in the experiment
[Young: mean age 23.8years (SD =5) 7 male; Elderly:
mean age 70.4years (SD *6), 11 male]. Twenty-two
patients with idiopathic Parkinson’s
recruited, all were screened for any pre-existing psychi-
atric disorders and any significant comorbidities. Average
age 65.2 (SD *=8.9) and 14 males. Nine patients were on
levodopa only, one on dopamine agonist only and the
remaining 12 were on a combination of both. Average
disease duration Syears (SD *4). Eight patients scored
worse than the —22 clinical apathy threshold on the
LARS, see Table 1 for full demographic breakdown. The
UPDRS III was performed when the patients were in the
ON state only. LARS, MoCA and BDI-II were completed
for Parkinson’s disease patients and elderly controls to
allow direct comparisons between these two groups.
Numbers of participants are typical of similar studies in
the field.'®

disease were

The task design was adapted from a previous study.'®
Participants were instructed that the quicker they looked
at a target, the greater the proportion of reward on offer
they would obtain (Fig. 1). Each trial commenced with
the onset of a disc at screen centre. After they had
fixated this for 500ms, participants heard a recorded
voice that informed them of the maximum reward avail-
able for that particular trial: ‘Op/10p/50p maximum’.
Simultaneously with the auditory reward cue either a ‘+’
or a ‘x’ symbol would appear within the fixation target
for 200ms. The ‘+’ indicated a ‘go’ trial and the ‘x’ a
‘no-go’ trial. ‘x’ and ‘+’ symbols were used as visual
cues because they were the same graphical image rotated
45°. This allowed luminance of the visual cue to be
matched and direct comparisons to be made.

Reward
Saccade

G’ cus, Target Appears
2000ms - 2200ms

. Remain Fixated
‘No-go' cue =
Reward

Auditory cue

“Op 10p 50p Maximur” @ @

Figure | Oculomotor experimental paradigm. During the
task, 50% of trials required a saccade to be made to obtain a
reward (‘go’ trials indicated by a ‘+’ at the start of the trial). In the
remaining 50% of trials, participants were required to maintain
fixation centrally (‘no-go’ trials indicated by an ‘x’ at the start of the
trial). ‘go’ and ‘no-go’ trials were randomly intermixed. Reward
obtained was based on reaction time in the ‘go’ trials and reward
rates in both arms were matched.

A go trial was indicated by the appearance of a ‘+’ sym-
bol. After a randomly variable period of 2000, 2100 or
2200 ms the central fixation disc disappeared and a
target concurrently appeared either to the left or the right
at 11° of visual angle. The fore-period delay between
reward cue and target onset allowed effects of reward
processing and any movement effect on pupil dilation suf-
ficient time to uncouple.** Rewards earned were dis-
played in the centre of the target after completion of
each trial. The total amount of reward received on each
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trial was performance driven dependent on saccadic reac-
tion time (RT).

No-go trials were indicated by a X’ symbol at the start
of the trial. In this condition, the target always remained
at the centre of the screen and participants had to main-
tain fixation. Fixation was held for the same three vari-
able fore-periods of either 2000, 2100 or 2200 ms as in
Go trials. Participants were instructed that the proportion
of reward earned depended on their ability to stare cen-
trally at the target. Earnings were displayed in the same
way as in ‘go’ trials.

The two types of trial occurred in equal frequency in a
randomised order. Trials were separated by a 2500 ms
interval and divided into blocks of 36 trials. Young par-
ticipants completed eight blocks divided into two sessions
separated by a 10-min break. Elderly controls and
Parkinson’s disease patients completed six blocks divided
into two equal sessions separated by a 10-minute break.
Each block lasted approximately 4.5 min.

Parkinson’s disease patients were tested ON and OFF
their normal dopaminergic medication. In the OFF condi-
tion they were asked not to take any of their dopamin-
ergic medication on the morning of the study and were
therefore OFF medication following an overnight fast of
approximately 14h (Table 1).

Participants received a proportion of the maximum re-
ward on offer and was based on performance. In the ‘go’
condition, the amount of reward earned varied with RT
and dynamically adjusted using an adaptive exponential
fall-off based on average RT of the preceding twenty tri-
als. For further details see Muhammed et al.'® methods.
Unbeknown to the participants, the average earnings in
the last 20 trials of the ‘go’ condition determined the re-
ward obtained in ‘no-go’ trials. This ensured that the
same overall amounts of money were received in the two
conditions over the course of the experiment. Trials
where fixation was not maintained throughout the ‘no-
go’ condition were excluded from analysis, this accounted
for less than 5% of trials.

Pupil dilation was calculated as a proportional change
from average baseline pupil size measured in Eyelink
units. Mean pupillary size from 1400 to 2400 ms after
the auditory cue was used as the time period of interest
as per previous studies.!>'®*¢ It was selected to allow
sufficient time for pupillary changes to uncouple between
different rewards on offer while also minimizing the
effects of subsequent saccades that are made when the
target appears. The duration of 1000ms is of long
enough duration to capture meaningful differences in the
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pupil while minimizing noise related to other elements of
the trial. An individual’s ‘pupillary reward sensitivity’
was defined as the difference in mean proportional pupil
change between the maximal 50p reward and Op reward
conditions, over the epoch of interest. A larger difference
indicated greater reward sensitivity.

Analysis was performed using repeated measures analysis
of variance (ANOVA). To account for any non-sphericity
in the data, where appropriate, statistics are reported
with Greenhouse-Geisser correction. Due to clear assump-
tions and results from previous studies, significant main
effects and interactions were decomposed with planned
contrasts. Significance was taken as P-values of less than
0.05. Correlations with questionnaires were performed
using Spearman rank non-parametric testing and Pearson
correlations were used for parametric behavioural out-
come comparisons. To correct for multiple comparisons
when calculating differences in pupil traces over time,
permutation testing was performed. Epochs were aver-
aged to obtain an average pupil size for each condition
for each participant over time. These averages were then
permuted randomly for each participant, to create a new
dataset with rearranged condition labels. The #-statistics
for the contrast of interest for each random permutation
was calculated at each time point along the trace. The
maximum of this #-statistic was computed for 5000 per-
mutations creating a null distribution of the maximum -
statistics. P-values were then generated by comparing the
t-statistics of the original (unpermuted) data at each time-
point with the null distribution. Those timepoints with
probability less than 0.05 are displayed as continuous
solid horizontal bars. Statistics were completed using
Matlab and SPSS.

The data that support the findings of this study are avail-
able from the corresponding author upon request.

Results

Using the 1400ms to 2400ms epoch of interest, the
change of pupil size as a proportion of baseline when
anticipating a reward in ‘go’ and ‘no go’ trials was exam-
ined. In young healthy participants, greater rewards on
offer led to larger pupil modulation [main effect of
reward (F(2, 44) = 19.15, P<0.0001)]. Crucially, this
pupillary response to reward was present both when an
action had to be made in the ‘go’ condition, and also
when no action was needed in the ‘no go’ condition.



6 | BRAIN COMMUNICATIONS 2021: Page 6 of 15

There were no significant effects of ‘go’ or ‘no-go’ trial
type (F(1, 22) = 3.7, P=0.07) and no interaction (F(2,
44) = 0.158, P=0.85) (Fig. 2A). The pupillary response
to reward was present both in the ‘go’ and the ‘no-go’
condition in the elderly group as well [main effect of re-
ward (F(2, 44) = 14.4, P<0.0001)]. Like in the young,
there was no significant main effect of ‘go’ or ‘no-go’ tri-
als (F(1, 22) = 3.2, P=0.09) and no interaction (F(2,
44) = 0.19, P=0.83), but a suggestion that the ‘go’ tri-
als lead to larger pupil dilation overall was still evident
although not significant (Fig. 2B).

In the young, pupil change over time demonstrated di-
vergence of pupil response for the three reward levels
(Fig. 2C). The pupil responses in the ‘go’ and the ‘no-go’
trials had different patterns of dilation and constriction
responses for reward. In the ‘go’ arm, a tri-phasic dila-
tion and constriction pattern was seen, with slightly
greater peaks in pupil dilation overtime, whereas the ‘no-
go’ trials had a more bi-phasic response, and overall
flatter pupillary changes over time. Target appearance
was from 2000 to 2200 ms and RT was approximately
200 ms, so saccadic onset ranged from approximately
2200ms to 2400 ms (average saccade onset is indicated
by yellow arrow Fig. 2C and D). The time a saccade was
initiated coincides with the different patterns of pupil re-
sponse between the ‘go’ and ‘no-go’ conditions and likely
accounts for the variation in dilation and constriction
demonstrated. However, when comparisons were made
over the 1000 ms average epoch of interest (1400 ms to
2400 ms; Fig. 2A), no overall difference was found statis-
tically. To determine if any association between pupil
dilation and saccades were present, a correlation analysis
was performed for each reward magnitude between sac-
cadic velocity and subsequent pupil dilation. When
accounting for multiple comparisons no significant correl-
ation was found. RT did not correlate with any changes
in pupil size regardless of reward on offer in all groups.

Pupil change over time for the different conditions and
reward levels in elderly participants, again revealed slight-
ly different patterns of pupil dilation for reward when an
action needed to be made versus when none was needed
(Fig. 2D). On average, divergence of pupil response for
the different reward levels was slightly later and appeared
to differ the greatest between the ‘go’ and ‘no-go’ condi-
tion around the onset of saccades in the ‘go’ trials
(Fig. 2D, yellow arrow). Like the young participants,
despite the differences in dilation pattern no statistical
significance for pupil responses to reward was reached
between the ‘go’ condition compared to the ‘no-go’ con-
dition (Fig. 2B).

In the young group, it seemed there may be a larger
overall pupil response to each reward level in the ‘go’
condition compared to the ‘no go’. However, when com-
paring reward sensitivity (50p pupil response minus Op

K. Muhammed et al.

pupil response) in the ‘no-go’ trials versus the ‘go’ trials,
across the entire trial period, there were no significance
differences detected (Fig. 2E). Comparisons were made
using multiple permutation tests at each millisecond time
point. Like in the young, pupil reward sensitivity in ‘no
go’ versus ‘go’ conditions across the whole trial period
was not significant in elderly controls either (Fig. 2F).

As above, pupil reward sensitivity was calculated as the
pupil response to the 50p reward minus the Op response
over time. Pupil reward sensitivity in young controls com-
pared to elderly controls in the ‘no-go’ trials using mul-
tiple permutation tests showed a small ~350 ms time
period of differences between the two groups (P < 0.05)
(Fig. 3A; delineated by black bar). The difference between
the two groups became much more prominent when the
‘g0’ trials were examined over time (Fig. 3C; black bar).
A large duration of difference from around ~1000 ms to
the end of the trial was evident using multiple permuta-
tion testing, there was only a short period where statistic-
al significance was not reached at a two-tailed level
(P<0.05).

Using ANOVA to compare the average reward sensitiv-
ity of the young controls versus elderly controls in the
‘no-go’ trials over the 1400 ms to 2400 ms epoch of inter-
est, there was a borderline significant difference (F(1, 40)
= 4.2, P=0.048). Young controls had a higher reward
sensitivity compared to elderly controls, in the ‘no go’
condition (Fig. 3B). This difference was more so when
comparing the two groups pupil reward sensitivity in the
‘go’ trials (F(1, 40) = 4.6, P=0.038; Fig. 3D). No correl-
ation between pupil reward sensitivity and saccadic vel-
ocity was present in young or elderly participants.

Using average pupil changes over the 1000ms time
period of interest (1400-2400 ms), comparison of pupil
response to rewards in the ‘go’ versus the ‘no-go’ condi-
tion was made in Parkinson’s disease patients. Similar
findings were present in both dopaminergic states. When
ON (Fig. 4A) or OFF (Fig. 4B) dopamine, a significant
main effect of reward was present (F(2, 42) = 8.4,
P=0.001; F(2, 42) = 3.6, P=0.037, respectively), with
increasing pupil dilation for increasing reward magnitude.
There were no main effects of trial condition [‘go’ and
‘no-go’, F(1, 21) = 0.68, P=0.42 when ON and F(1,
21) = 0.38, P=0.54 when OFF], nor any interaction
(F(2, 42) = 0.31, P=0.73 ON and F(2, 44) = 0.51,
P=0.61 when OFF). Finally, no correlations between
pupil dilation and saccadic velocity or RT were present
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Figure 2 Pupil responses in young (A, C, E) and elderly (B, D, F) participants across ‘go’ and ‘no-go’ trials. (A) Pupil proportional

change to reward taken as an average across a 1000 ms epoch from 1400 ms to 2400 ms in young participants. Increased pupil response to
reward was present as reward increased but no difference was seen between ‘go’ trials in green and ‘no-go’ trials in violet. (B) Pupil proportional
change to reward in elderly participants. Increased pupil response to reward was present as reward level increased but like in the young, no
difference was seen between ‘go’ trials (green line) and ‘no-go’ trials (violet line). (C) Average proportional pupil changes over the course of the
trials in young participants, broken down into responses to ‘go’ and ‘no-go’ cues. Cue onset was at time 0 ms. Average onset of saccades
indicated by yellow arrow (2296 ms). (D) Average proportional pupil changes over the course of the trials in the elderly. Average onset of
saccades indicated by yellow arrow (2347 ms). (E) Average reward sensitivity over time in young participants, taken as the difference in the
proportional pupil change between the 50p reward condition and the Op reward. Broken into reward sensitivity for ‘go’ trials—green, versus ‘no-
go’ trials—violet. No significant difference in reward sensitivity was present at any time point across the length of the entire trial. (F) Average
reward sensitivity over time in the elderly, calculated as the difference in the proportional pupil change between the 50p reward condition and
the Op reward for each time point. Reward sensitivity for ‘go’ trials plotted in green and ‘no-go’ trials in violet. No significant difference in pupil

reward sensitivity was present.
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reward sensitivity over time in ‘no-go’ trials, taken as the difference in the proportional pupil change between the 50p reward condition and the
Op reward. Broken into reward sensitivity for young (yellow) and elderly participants (grey). Black bar denotes significant difference between the
two groups over a short ~350 ms period. (B) Pupil reward sensitivity (50p-Op reward) taken as an average across a 1000 ms time epoch from
1400 ms to 2400 ms in the ‘no-go’ trials (Purple background shading in A). Young participants had significantly larger pupil response to reward
over the time epoch of interest compared to elderly participants. (C) Average reward sensitivity over time in ‘go’ trials, taken as the difference in
the proportional pupil change between the 50p reward condition and the Op reward. Reward sensitivity in young participants (yellow) and elderly
(grey). Black bar denotes significant difference between the two groups over a large period of the trial starting from ~ 1000 ms post reward cue
onset to the end of the trial. (D) Pupil reward sensitivity (50p-Op reward) taken as an average across a 1000 ms period from 1400 ms to 2400 ms
in the ‘go’ trials (Purple background shading in C). Young participants had significantly larger pupil response to reward compared to elderly
participants.

in Parkinson’s disease, both when ON or when OFF versus when it was not (‘no-go’ trials), but increasing re-
dopaminergic medication. ward levels modulated pupillary response, irrespective of
dopaminergic state.

This lack of difference was also true for pupil reward
sensitivity (50p pupil response minus Op pupil response)
across the course of the trial regardless of whether a ‘go’
or a ‘no-go’ trial was performed or if ON or OFF dopa-
mine. This shows that reward sensitivity in pupil response

When comparing ON and OFF, ‘go’ and ‘no-go’ effects
on pupil response using a repeated measures ANOVA,

only a significant main effect of reward was present (F(2, R )
42) = 6.7, P=0.003). No other main effects or interac- over time in either the ON state or OFF state is not con-

tions were found. Planned contrasts demonstrated a sig- tingent on making an action (Fig. 5).

nificant difference between all reward levels (P < 0.02)
except between the Op and 10p reward (P=0.073).
Therefore, dopamine did not significantly alter pupil re- Comparison of reward sensitivity in the ‘go’ and the ‘no-
sponse to rewards when a saccade was made (‘go’ trials) go’ condition to clinical apathy levels in Parkinson’s
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Figure 5 Parkinson’s disease pupil reward sensitivity during ON (A) and OFF (B) dopamine states. (A) Average reward

sensitivity over time in Parkinson’s disease when ON in ‘go’ trials (green) compared to ‘no-go’ trials (violet) taken as the difference in the
proportional pupil change between the 50p reward condition and the Op reward. Using permutation testing at each time point, no significant
difference was demonstrated between the two conditions over the course of the trial. (B) Average reward sensitivity over time in Parkinson’s
disease when OFF in ‘go’ trials (green) compared to ‘no-go’ trials (violet). No significant difference was present between the two conditions

either.

disease (indexed by the LARS) produced some note-
worthy results. The total LARS score correlated signifi-
cantly with pupil reward sensitivity in the ON state, but
only in the ‘go’ condition, r, = —0.472, P<0.03
(Fig. 6A, Blue line). Further, the action initiation sub
score of the LARS also only correlated with pupil reward
sensitivity in the ‘go’ condition, r, = —0.476, P=0.025.
In the ‘no-go’ condition, where no initiation of action
was required, there was no significant correlation with ei-
ther total LARS or the action initiation sub scores (r; =

—0.116, P=0.608 and r, = —0.029, P=0.897, respect-
ively). When OFF dopamine these effects were abolished,
LARS and ‘go’ pupil reward sensitivity no longer showed
a significant correlation (r, = —0.091, P=0.686)
(Fig. 6B). Thus, pupillary reward sensitivity was signifi-
cantly blunted with increasing apathy only on ‘go’ trials
in the ON state. To factor in the effect of age on reward
sensitivity a multiple regression analysis was performed.
A multiple regression analysis with pupil reward sensitiv-
ity as the dependent variable and LARS apathy score and
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Figure 6 Correlation with clinical apathy questionnaire scores (Lille Apathy Rating Scale) and pupil reward sensitivity when a
saccade was made to obtain a reward in Parkinson’s disease patients ON and OFF dopamine. (A) A significant correlation between
average pupil reward sensitivity in Parkinson’s disease patients ON (blue) and their clinical interview LARS score was present only in the ‘go’
trials. More apathetic patients exhibit less pupillary reward sensitivity compared to more motivated patient. Spearman correlation, rs = —0.472,
P < 0.03. Mean apathetic patients reward sensitivity in ‘go’ trials ON dopamine 0.56 (SD 0.76). Non-Apathetic patients mean 1.65 (SD 1.98). No
correlation was demonstrated in ‘no-go’ trials when ON or OFF dopamine. (B) The correlation between average pupil reward sensitivity in
Parkinson’s disease during ‘go’ trials and LARS score was abolished when OFF dopamine (red). Spearman correlation, rs = —0.091, P = 0.686.
Mean apathetic patients reward sensitivity in ‘go’ trials OFF dopamine 0.33 (SD 0.7). Non-Apathetic patients mean 1.68 (SD 2.7).

age as the regressor variables found age not to be a sig-
nificant predictor in the ‘go’ or ‘no-go’ condition either
ON or OFF dopamine. There was no significant correl-
ation with either the ‘go’ or the ‘no-go’ pupil response in
Parkinson’s disease ON or OFF with other clinical assess-
ments including depression or cognitive function as meas-
ured by the BDI-II and the MoCA.

Finally, pupil comparisons were made with Parkinson’s
disease patients ON and OFF dopamine, and elderly con-
trols. Parkinson’s disease ON versus elderly controls and
Parkinson’s disease OFF versus elderly controls compari-
sons were made separately. Comparing mean pupil
change across the time period of interest (1400 ms to
2400 ms) in the ‘go’ condition between elderly controls
and Parkinson’s disease patients ON showed only a main
effect of reward (F(2, 76) = 7.0, P=0.002, Fig. 7B).
There were no main effects of group or interactions.
Similarly, the ‘no-go’ condition comparison between
Parkinson’s disease ON and elderly controls also demon-

strated a main effect of reward (F(2, 76) = 16.1,
P<0.00001) but no other significant differences
(Fig. 7A). Pupil comparisons in Parkinson’s disease

patients when OFF dopamine and in the elderly also
revealed a main effect of reward in both the ‘no-go’

(Fig. 7A) and the ‘go’ conditions (Fig. 7B) (F(2, 76) =
8.6, P<0.001) and (F(2, 76) = 3.9, P=0.025), respect-
ively. There were no other main effects or interactions,
suggesting that only the modulatory effect of reward was
present in all groups regardless of whether a saccade was
initiated or not.

For increasing magnitudes of reward on offer, saccadic
velocity increased while accuracy did not worsen. This
was true in young, elderly and Parkinson’s disease
patients. Invigoration of saccades without worsening of
accuracy appears to break speed accuracy tradeoffs and
provides further evidence that motivation by reward can
improve both speed and accuracy.’! Full results from
saccadic velocity, amplitude variability and RT for all
groups are presented in the Supplementary Materials.

Discussion

The findings presented here demonstrate that pupil
responses to incentives are 7ol contingent on action:
They are present both when initiation of an action is
required to obtain a reward (‘go’ trials) and when no ac-
tion is necessary (‘no-go’ trials). This was true in young
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Figure 7 Parkinson’s disease and elderly pupil response to reward in the ON and OFF state during ‘no-go’ (A) and ‘go’ (B)
trials. (A) No differences in the average pupil change between ON, OFF or elderly controls in ‘no-go’ trials were present either, however all
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and elderly healthy participants (Fig. 2A and B) as well
as patients with Parkinson’s disease (Fig. 4). No robust
associations between anticipatory pupil response and sub-
sequent saccadic velocity and RT to obtain the reward
were found. This suggests that anticipatory pupillary
response to reward reflects evaluation of cued incentives
rather than motor preparation. The findings that pupil re-
ward sensitivity reduced with age (Fig. 3) replicated
results from a previous pupillometry study of motiv-
ation,'® but show that this aging effect occurs regardless
of whether actions have to be made.

The results demonstrated a significant association be-
tween pupillary reward sensitivity and clinical apathy in
Parkinson’s disease, again replicating findings in a previ-
ous study.'® However, this effect was obtained only on
‘go’ trials and while ON dopamine. Thus, more apathetic
patients showed less pupillary reward sensitivity when
they had to make a speeded saccade in order to obtain a
reward, but only when ON dopaminergic medication
(Fig. 6A). This finding suggests that apathy in
Parkinson’s disease is indeed linked to reduced reward
sensitivity when actions have to be initiated to rewarding
goals, and this effect is modulated by being ON dopa-
minergic medication. OFF medication, there was no such
relationship (Fig. 6B), and similarly no association with
apathy and pupillary reward sensitivity in the ‘no-go’
conditions, either ON or OFF dopaminergic drugs.
Differences in variance between apathetic patients and
non-apathetic patients could be contributing to these

results. However, in Parkinson’s disease OFF ‘go’ trials in
non-apathetic individuals, variance was greater than
when ON and no demonstrated.
Therefore, this alone cannot account for the significant
result in the Parkinson’s disease ON ‘go’ condition.

The links between initiation of actions and reward sen-
sitivity is of particular interest in the context of apathy in
Parkinson’s disease. Patients with severe behavioural ap-
athy, sometimes termed an auto-activation deficit,>>*’
have a significant reduction in goal directed behaviours,®
often describing a lack of drive to initiate and carry out
everyday tasks.”® Pupil dilation for reward cues in this
study were associated with apathy level only when an ac-
tion (saccadic eye movement) had to be made to obtain
the reward. This finding is reminiscent of work in a ro-
dent study where phasic dopamine spikes in the ventral
striatum (NAcc specifically) occurred only when motor
action was also needed to receive a reward.> The result
suggests an interaction between motivation and motor
control*® with the NAcc potentially being a crucial inter-
face between motivation and motoric action.*®’

In apathetic individuals, this interface may be dysfunc-
tional, with the gain relating evaluation of rewards (re-
ward sensitivity) to initiation of action in order to obtain
them significantly reduced.'"” In our study, when
Parkinson’s disease patients were (relatively) more dopa-
mine depleted in the OFF state, the association between
reward sensitivity and apathy was abolished. One might
speculate that this is due to a reduction of available
dopamine within the striatum, impairing the link between
limbic circuits involved in motivation and motor path-
ways. Hence, the relationship between the valuation of
rewards and initiation of action might be central to

correlation was
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motivational processes.””*®3* In this context, it might be
relevant that degeneration of the dopaminergic VTA-
NAcc pathway in MPTP lesioned monkeys has also been
linked with apathy *° while injections of bicuculline, a
GABA antagonist, into the ventral striatum of monkeys
also leads to a hypoactive state.*”

Nevertheless, it would be important not to speculate
too much. It might simply be that the relationship be-
tween apathy and pupil response to reward is strongest
when Parkinson’s disease patients have to make actions
and in the ON condition, and in the other conditions the
effect is not so reliable. Furthermore, it is noteworthy
that although dopamine modulated the
between reward sensitivity and apathy in Parkinson’s dis-
ease, there were no differences in overall pupil reward
sensitivity when ON or OFF dopamine, irrespective of
whether an action was initiated or not (Fig. 7). This find-

ing does not replicate previous work by Muhammed
l.16

association

et al."® which demonstrates increased overall reward sen-
sitivity when ON dopamine in Parkinson’s disease. The
lack of modulation cannot be accounted for by disease
duration or total dopamine dose between the two studies.
The average disease duration of Parkinson’s disease
patients in both studies was equal at 5years. Patients in
this study on average had higher levodopa equivalence
doses, however the type of dopaminergic medication
differed. In this study cohort, 59% of the patients were
taking a dopamine agonist either alone or as part of their
treatment regimen versus 70% in the original study.
Dopamine agonists may boost reward sensitivity to a
greater degree than levodopa alone*® and this may ac-
count for some of the differences observed here. The pu-
pillary links with apathy in this study are an interesting
finding. However, due to smaller numbers of patients
who were classified as clinically apathetic, further follow-
up investigations with a larger sample size is merited in
order to perform more reliable sub-group analysis.

In addition, the disease phenotype of patients may
also be a factor contributing to the lack of dopamine
modulation. Parkinson’s disease is a heterogeneous con-
dition with some patients more dopamine responsive
than others. For example, those with akinetic-rigid vari-
ant Parkinson’s disease are less likely to show dopamine
responsiveness than individuals with tremor-dominant
Parkinson’s disease, and are also worse affected by ap-
athy.’® Also, in clinical practice, motivational dysfunc-
tion is not always responsive to dopamine, leading to
suggestions of two types of a motivation syndromes.
The first is dopamine-sensitive apathy which, for ex-
ample, has been observed post deep brain stimulation
insertion following dopamine withdrawal and can be
reversed after reintroduction of medication.’’* The se-
cond is dopamine-resistant apathy, which may be related
to the progression of Parkinson’s disease and atrophy of
the NAcc and caudate nucleus.’?

K. Muhammed et al.

Overall, dopamine also did not change the pupil response
to rewards when a saccade was made (‘go’) versus not
made (‘no-go’) in Parkinson’s disease, with modulation
by reward observed irrespective of movement. This is an
important finding as it demonstrates no link between
action-dependent preparatory motivation (indexed by
pupillary dilation to reward) and dopamine (Fig. 3).
Irrespective of drug state, pupil responses in Parkinson’s
disease, both when initiation of an action was needed to
obtain a reward and when no action was necessary,
increased with larger reward magnitudes (Fig. 4).
Although dopamine did not affect pupillary reward sensi-
tivity, nor its association with motor action, it did modu-
late saccadic reward sensitivity. Parkinson’s disease
patients ON dopamine showed a significant increase in
peak velocity for rewards of larger magnitude and this
difference was present between each reward level. When
in the OFF state, the extent to which peak velocity
increased with reward was reduced although a main
effect of reward was still present (see Supplementary

Fig. 4A).
Saccades are known to be invigorated by
rewards'®>*> and there is also evidence for motor prep-

aration signals in various saccadic tasks, particularly
when movements are primed.’*”” Recordings from
oculomotor brain regions such as the frontal eye fields
demonstrate ramping up of activity prior to saccade
onset.®” It would be important to establish if changes in
pupil response attributed to reward cues are indeed due
to reward evaluation rather than preparation for motor
action for upcoming saccades. In our study, pupil modu-
lation for prospective rewards prior to making a saccade
compared to when no movement was required could be
assessed. No significant differences were observed be-
tween the trial types, with an equal rise in reward sensi-
tivity on increasing magnitude of incentive offered
irrespective of an action being executed. There were also
no associations between pupil dilation and saccadic vel-
ocity or RT in Parkinson’s disease regardless of dopamine
state. These results strengthen the conclusion that pupil
response to available reward prior to the onset of an eye
movement is not linked to saccadic velocity or action
onset latency in this task. Other oculomotor properties
including saccadic velocity, RT and accuracy were also
not correlated with apathy, but rewards did invigorate
saccadic velocity without impairing accuracy (see
Supplementary Fig. 4A and B). This finding breaks clas-
sical observations of speed accuracy trade-offs, reproduc-
ing recent results in the literature.'¢-20-21:2%5-61

Unlike a traditional ‘no-go’ condition where response
inhibition is required, the ‘no-go’ trials in this study were
intentionally designed to minimize motor preparation
changes in the pupil while only varying the reward
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obtained to match the ‘go’ conditions. We acknowledge
however that although no motor preparation was
required in the ‘no-go’ trials, there will be a degree of
control needed to maintain fixation which could influence
the pupil size and could account for similarities in the
results between the two conditions. Feedback from partic-
ipants however indicated that the ‘no-go’ trials were not
considered to be demanding. Indeed, they reported that
even though they needed to remain fixated on the target
during these trials, they considered them significantly less
demanding in comparison to the ‘go’ condition as no
motor action was needed. Fixation was also only main-
tained for a maximum duration of 2200 ms and the fix-
ation circle was large minimizing the difficulty to
maintain fixation.

Reward sensitivity in healthy people—both young and
old—was not dependent on action initiation. However,
there appeared to be a stronger response to reward in
young versus elderly participants, with larger pupillary re-
ward sensitivity differences over time when a saccade was
initiated (‘go’ trials) (Fig. 3C and D) compared to when
no movement was made (‘no-go’ trials) (Fig. 3A and B).
The reduction in reward sensitivity with age may be
related to differences in dopaminergic neuromodulation.
Findings from functional MRI (fMRI) studies demonstrate
lower ventral striatal activation to immediate reward in
the elderly and reduced activity in the dorsal striatum in
comparison to younger adults.®” The dorsal striatum is
associated with motor output with a gradient of function
within the striatum which transitions from the intention
to act to the movement itself, in a ventral to dorsal
direction.®® These striatal differences may explain the
reduction in reward sensitivity in the elderly observed
in our study, especially when an action was required to
be made. Potential future work could include the use of
fMRI in conjunction with oculomotor tasks to help iden-
tify pertinent brain regions.

Conclusion

In conclusion, the findings from this study adds to our
understanding of reward sensitivity and interpretation of
the mechanisms underlying apathy. From a movement
perspective, it appears pupil response to rewards do not
arise as a consequence of motor preparation signals
linked to performing a saccade. Whether an action is
required or not, reward appears to modulate pupil re-
ward sensitivity in the young, elderly and patients with
Parkinson’s disease both ON and OFF dopamine.
Although direct conclusions about dopamine striatal sig-
nalling cannot be made from this study, the association
with pupil reward sensitivity and motivation when an
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action is required aligns with findings in the animal lit-
erature suggesting phasic dopamine spikes in the ventral
striatum occur only when motor action is also needed to
receive a reward.”> The findings provide some evidence
to suggest that apathy is associated with a reduction in
reward sensitivity in Parkinson’s disease but only when
paired with the initiation of a goal directed action, and
this link appears to be strongest and most evident when
patients are ON dopaminergic medication.
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