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Abstract figure legend Incentive motivation modulates attention and motor control to guide goal-directed behaviour.
We tested this in two Posner-like tasks: one based on simple Go detection, the other on target identification in a Go/NoGo
paradigm, with recordings from dorsal premotor cortex in two monkeys. Reward incentives more strongly influenced
neural activity, attention and motor preparation under higher task demands.

Abstract Incentive motivation is believed to influence various cognitive domains to enhance
goal-directed behaviour. For example the association of a reward to a specific location drives
attention towards that location and influences the motor programmes involved in achieving that goal.
However the interaction between motor and attentional systems in response to reward incentives is
still poorly understood. To explore this we administered two Posner-style cueing tasks with varying
reward incentives to two monkeys while recording neural activity from the dorsal premotor cortex
(PMd), a key area for preparing goal-directed movements. These two cueing tasks differed in terms
of motor engagement and visual analysis required: in Experiment 1 the animals manually reported
the detection of a target stimulus in each trial, whereas in Experiment 2 the task followed a Go/NoGo
paradigm, where the motor response depended on target identification. Behaviour revealed distinct
patterns of attentional deployment and motor responses across the two tasks. Interestingly through
time-resolved neural decoding we identified a stronger link between the reward incentives, motor
activity and attentional shifts in Experiment 2. Overall our results suggest that motivation plays a
critical role in modulating the interplay between spatial attention and motor control, with its effects
varying based on the cognitive demands of the task.
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e Attention and motivation behaviourally interact in tasks requiring complex executive motor

control and demanding visual processing.

e The dorsal premotor cortex (PMd) changes how it responds to rewards based on what the task

requires.

e The PMd encoding of the target location is impaired by invalid cues in a way that depends on

both reward and task demands.

e PMd activity can shape behavioural responses that are usually linked to spatial attention.

Introduction

Pursuing desired goals requires the co-ordination and
integration of various cognitive functions and brain
processes. Among these attention plays a key role in
directing or maintaining focus on task objectives. Optimal
attentional focus is believed to enhance neural efficiency,
facilitating motor execution and overall performance
(Di Bello et al., 2022; Sapountzis et al., 2025; Wulf &
Lewthwaite, 2016). The link between attention and
oculomotor systems is well known, as demonstrated by
the frequent alignment of eye movements with shifts
in attention. However the influence of attention on the
motor system extends beyond ocular movements; for
example recent researches have shown that reaching
movements are modulated depending on whether

attention is directed in the same direction as the
movement (Breveglieri et al., 2024; Haque et al., 2024).
Moreover studies employing dual-task paradigms, where
individuals focus on goal-relevant information while
simultaneously performing one or more actions, have
shown that an excessive attentional load can significantly
impair motor performance (Leone et al., 2017; Song,
2019; Taylor & Thoroughman, 2008). Of the different
potentially influencing factors motivation may have
a critical impact in shaping the relationship between
attention and motor systems. It encompasses a range of
drives aimed at fulfilling internal (e.g. physiological) and
external (e.g. social appreciation) needs and encouraging
the adoption of diverse cognitive strategies to achieve
goals (Chelazzi et al., 2013). However current research
often investigates the effects of incentive motivation
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- external reinforcements or incentives influencing
behaviour - on these systems independently (Bucker
& Theeuwes, 2014; Engelmann, 2009; Engelmann &
Pessoa, 2007; Giamundo et al., 2021; Zhao et al., 2024),
overlooking substantial evidence supporting a tight link
between attention and motor system. To date the role of
incentive motivation in this interaction remains largely
unexplored, leaving a considerable gap in understanding
how motivation could influence the integration and
combination of attention and motor processes.

To investigate this we administered two versions of an
incentive cueing task involving reaching movements to
two monkeys while recording intracranial activity from
the dorsal premotor cortex (PMd), a brain region crucial
for arm motor preparation (Mattia et al., 2013; Mirabella
et al, 2011; Pani et al., 2014, 2022; Ramawat et al., 2022;
Shenoy et al., 2013). In both tasks a spatial cue indicated
both the probable future location of the target stimulus
and the reward at stake. Most trials were valid, with
the target appearing in the cued location, prompting the
subjects to deploy spatial attention accordingly (Posner,
1980). In invalid trials the target unexpectedly appeared
in the opposite location, requiring a shift in attention
from the cued location to the actual target location before
motor response. Critically the two tasks involved different
motor scenarios. In Experiment 1 motor action was always
expected as the target reaching was required on every trial.
In contrast, Experiment 2 employed a Go/NoGo target
identification paradigm with a 1:1 ratio, reducing the pre-
dictability of motor responses to chance level. As a result
the target reaching was needed only in 50% of the trials
to receive a reward. The Go/NoGo paradigm not only
required refined motor control but also ensured sustained
levels of attention throughout the experiment as a result
of an enhanced visual examination of the target (Treisman
& Gelade, 1980). Thus we expect a different involvement
of the attentional and motor processes between the two
experiments, along with variations in their interaction
with reward incentives.

As reported in our previous work (Di Bello et al., 2019)
the behavioural results indicated more focused attention
when monkeys are engaged in the Go/NoGo paradigm
(Experiment 2), as reflected by a stronger validity effect on
reaction times and more precise eye orientation towards
the cued location. Notably we found an interaction
between attention and reward only in this experiment,
with significantly faster responses in valid trials but a less
pronounced speeding effect in invalid trials.

To investigate how reward incentives modulate
motor-related activity in PMd we analysed multiunit
activity (MUA) using time-resolved neural decoding. This
approach revealed a stronger link between reward and
motor coding in Experiment 2. Furthermore reorienting
processes triggered by invalid targets caused significant
reward-dependent neural perturbations (i.e. a transient
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drop in decoding accuracy relative to valid targets) in
ongoing encoding of the target location but with opposite
effects across tasks. In Experiment 1 invalid targets led
to greater perturbations in the low-reward condition,
whereas in Experiment 2 this effect was more pronounced
in the high-reward condition.

Overall our findings highlight the significant impact
of incentive motivation on both attentional and motor
systems, with its effects varying based on the task’s
cognitive demands. We will discuss our results in line
with the idea that motivation enhances performance by
optimizing spatial attention deployment and fine-tuning
motor control, ultimately strengthening the coupling
between goals and actions.

Methods

Ethical approval

Two monkeys participated in the study. All experimental
procedures, animal care, housing and surgical inter-
ventions were conducted in accordance with European
(Directives 86/609/EEC and 2010/63/EU) and Italian
(D.L. 116/92 and D.L. 26/2014) regulations on the use
of non-human primates in scientific research and were
approved by the Italian Ministry of Health. Monkeys
were pair-housed in enriched cages equipped with toys
and foraging devices. Their diet consisted of standard
primate chow, supplemented with nuts, raisins and fresh
fruit when necessary. Water was provided daily during
experimental sessions. This study was conducted in full
accordance with the ethical principles and guidelines
outlined by The Journal of Physiology (O’Halloran, 2024).

Animals

The study involved two adult male rhesus monkeys
(Macaca mulatta), both weighing 8 kg, referred to as
Monkey 1 and Monkey 2. To ensure proper hydration
their water intake was carefully monitored and adjusted
based on their body weight. Specifically their daily
liquid intake was set to double the recommended
minimum for M. mulatta, which is 30 ml/kg. If either
monkey consumed less juice than expected during a
session, additional water was provided to compensate
after a variable time interval. Notably the juice was
exclusively available during the experimental sessions.
Animals were procured from those available at the
Primate facility of Sapienza University of Rome, Italy.
The recordings shown here were made in connection
with other experiments meant to characterize the role of
the premotor area in decision making, but the monkeys
were never used in any research before. Both monkeys
were killed with an overdose of chemical anaesthetics a
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few years after the experiment was completed, per the
veterinarian’s decision. For this purpose an intravenous
bolus of sodium pentobarbital (70-80 mg/kg, 1.v.) was
administered.

Surgical procedures

All surgeries were performed under sterile conditions and
under continuous veterinary supervision. Anaesthesia
was induced with intramuscular ketamine (Imalgene, 10
mg/kg) and medetomidine hydrochloride (Domitor, 0.04
mg/kg, 1.M. or s.c.), and maintained with inhaled iso-
flurane (0.5%-4%) in oxygen (5 1/min). Anaesthetic depth
was continuously monitored using a multiparametric
approach, including electrocardiography, carbon dioxide
percentage in exhaled air, peripheral capillary oxygen
saturation and non-invasive blood pressure. The adequate
depth of anaesthesia was determined by monitoring
motor and cardiorespiratory responses to noxious stimuli.
Prophylactic antibiotics were administered during surgery
and continued postoperatively for at least 1 week. A
multiparametric monitor for evaluating the depth of
anaesthesia was used during surgery. Electrodes were
inserted in the cortex using a pneumatically actuated
impulse array inserter (Blackrock Microsystems, Salt
Lake City, UT, USA) after dura opening and visual
inspection of anatomical landmarks. All the anatomical
layers, including the dura, were reconstructed and
sutured. Analgesics were provided at least twice daily
throughout the postoperative recovery period. Electro-
physiological recordings commenced only after full
clinical recovery, typically 3-4 weeks postsurgery. All
efforts were made to minimize animal discomfort,
including regular monitoring by veterinary staff and
adherence to refinement strategies to reduce stress and
improve welfare.

Experimental set-up

A 17-inch PC monitor (LCD, 85 Hz refresh rate, 800 x 600
resolution) with an integrated touchscreen (Micro-Touch,
200 Hz sampling rate) was positioned 21 cm in front of
the monkeys to display stimuli and track touch positions.
The experiment was controlled using a non-commercial
software package (CORTEX software), which managed
stimulus presentation, behavioural responses and data
collection. Eye movements were monitored using an
infrared tracking system (Arrington Research, Scottsdale,
AZ, USA), operating at a sampling rate of 220 Hz.

Stimuli and procedure

Experiments were conducted in a dim, soundproof room,
where the monkeys were seated upright in a chair with
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their heads fixed. The monkeys were gradually acclimated
to head restraint through a stepwise habituation protocol
that began several months prior to the onset of neural
recordings. Both animals performed the task using their
right arm, whereas the left arm remained comfortably
restrained. Each trial began with the appearance of a red
central circle (1.6 cm in diameter) at the bottom of the
screen, 9 cm below the centre. The monkeys were required
to hold this circle for 1000 ms before a spatial cue (a
coloured arrow, 3 x 3 cm) was displayed at the centre
of the screen for a variable duration, ranging from 200
to 600 ms in 100 ms increments. In 80% of trials the
cue accurately predicted the target’s location (valid trials),
whereas in the remaining 20% the cue did not match
the target location (invalid trials). The colour of the cue
also signalled the reward at stake for a correct response,
with white indicating 3 drops and red indicating 12 drops
of juice. These reward conditions were randomly mixed
within each session. After the cue disappeared the peri-
pheral target appeared 120 ms later.

In Experiment 1 the target appeared as a white circle
(1 cm in diameter), positioned either to the left or right of
the screen’s centre, 9 cm away. The monkeys were required
to reach the target within 800 ms to earn the expected
reward (Fig. 1 — Experiment 1). A trial was classified as
a hit if the monkey successfully reached the target by
performing a manual detachment within 200-800 ms of
the target’s appearance. If the monkey failed to reach the
target within the allowed time, the trial was marked as a
miss. Each session included at least 300 hits. Reaction time
(RT) was defined as the time between the appearance of
the target and the manual detachment from the holding
position. In Experiment 2 the structure followed the same
temporal sequence as in Experiment 1, with the addition
of a new target condition. As in the first experiment the
appearance of a white circle (Go target) signalled the
monkeys to perform a reaching movement. Differently
a white cross (NoGo target, 1 x 1 cm) required the
monkeys to hold their hand in the starting position for
1000 ms to receive a reward (Fig. 1 - Experiment 2).
Both target types had an equal probability of being pre-
sented. In 80% of trials the spatial cue correctly predicted
the target’s location, whether in Go or NoGo trials. In
the remaining 20% of trials the cue was misleading and
pointed to the opposite side of the target’s actual location.
Each session consisted of at least 400 correct trials. Correct
trials included both hits (identical to Experiment 1) and
trials where the monkey held the hand in the starting
position for 1000 ms after a NoGo target was presented.
Misses were defined as trials where the monkey failed
to respond to the Go target within the allowed time
window. False alarms (FAs) occurred when the monkey
erroneously performed a reaching movement after the
NoGo target was shown. RTs were calculated based on hits,
as was the case in Experiment 1.

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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For both experiments data collection began once
the monkeys exhibited a significant RT validity effect
(known as ‘Posner cueing effect’ in humans’ studies),
meaning they responded significantly faster in valid trials
compared to invalid trials, in at least one reward condition
(see Methods). Experiment 1 was conducted first, with
both monkeys reaching the performance criterion in
approximately 2 weeks, after which neural recordings
began. About 1 week after the end of Experiment
1, Experiment 2 began. As in the first experiment
recordings started once both monkeys reached the
performance criterion, which required roughly one
additional week of training. Recording sessions never
exceeded 2 h in duration. In total eight sessions were
analysed in Experiment 1 (Monkey 1: 4 sessions; Monkey
2: 4 sessions), and seven sessions were analysed in
Experiment 2 (Monkey 1: 4 sessions; Monkey 2: 3
sessions).

Psychophysical data

RT analysis: for each recorded session RT outliers
were identified using the MATLAB function isoutlier
(MATLAB R2024a, The MathWorks, Inc., Natick, MA,
USA). Trials with RTs exceeding three median absolute
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deviations from the session’s median were classified as
outliers and excluded from further analyses. RTs were then
categorized based on different rewards (3 and 12 drops
of juice) and validity conditions (valid and invalid). To
assess the main effects of reward and validity, as well as
their interaction, log-transformed RTs from all recorded
sessions were analysed separately for each experiment and
each monkey using a linear mixed-effects model (LMM)
implemented using the MATLAB function fitlme. The
model was specified as RTs ~ Attention*Reward + (1 |
Session). Results for each session are presented in Table A1
for Experiment 1 and in Table A2 for Experiment 2.

Error analysis: to evaluate the differences in errors
between reward conditions the number of errors (misses
or false alarms) for each session was recorded and
analysed using a chi-square goodness-of-fit test. Results
are shown in the Results section and in Table A3 for
Experiment 1 (misses) and in Table A4 for Experiment 2
(misses and false alarms).

Eye-movement data

In our experiments the visual fixation was not forced,
allowing the monkeys to freely direct their gaze based
on the instructions of the spatial cue. The analysis of eye

Experiment 1:

Valld Go (80%) Invalid Go (20%)

Experiment 2:

Holding Cue Delay
(1000 ms) (200-600 ms) (120 ms)

Cue types Targets
Valid Go (40%) Invalid Go (10%)
Low reward  High reward O 6o
|> > + NoGo
3 drops 12 drops

Figure 1. Experimental tasks

Valid NoGo (40%) Invalid NoGo (10%)

In both tasks trials begun by manually holding (1000 ms) a red dot stimulus located at the bottom centre of the
screen. A coloured arrow (spatial cue) was then presented centrally for a variable period (from 200 to 600 ms),
together indicating the number of drops of juice at stake (grey cue: 3 or red cue: 12 drops of juice) and the probable
target location (80% of validity). Next a peripheral stimulus target was displayed arbitrarily to the left or right of
the central cue. Trials in which the target appeared at the cued location were called valid trials; otherwise they
were invalid trials. In Experiment 1 (top right) animals were instructed to reach the peripheral target (white circle) in
each trial to obtain the indicated quantity of reward. In Experiment 2 (bottom right), the monkeys were required to
perform target reaching exclusively when a Go target (white circle) was presented (50% of trials), whereas NoGo
targets (white cross) required keeping the hand in the holding position.

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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coherence was performed using correct trials from both
tasks. Because our primary interest was in eye position
— defined as a fixation lasting at least 20 ms before
target onset — immediately prior to target presentation, we
pooled together valid and invalid trials, as the subsequent
appearance of the target at the expected or unexpected
location had no impact on this analysis. Eye position
was then estimated relative to the direction indicated by
the spatial cue just before target presentation. Specifically
eye coherence was defined based on the eye position at
the moment of target presentation. Trials were classified
as coherent if the gaze was directed towards the cued
direction, incoherent if the animal looked in the opposite
direction and central if fixation was maintained at the
centre of the screen. Some sessions were excluded from
the analysis due to poor signal quality, either from a high
number of artifacts or excessive head movements. In total
10 sessions were included in the dataset for eye analysis:
Experiment 1 = 4 sessions (1 from Monkey 1 and 3 from
Monkey 2); Experiment 2 = 6 sessions (4 from Monkey 1
and 2 from Monkey 2).

To assess differences between eye positions immediately
prior to target presentation in each session the number of
trials for each position was collected and analysed using a
chi-square goodness-of-fit test. Results for each session are
presented in Table A5 for Experiment 1 and in Table A6 for
Experiment 2.

Psychophysical and eye-movement data were processed
and analysed using custom scripts in Matlab (The
MathWorks, Inc., Natcick, MA, USA).

Neural recordings and processing

In both monkeys 96-channel Utah arrays (BlackRock
Microsystems, Salt Lake City, UT, USA) were surgically
implanted in the left premotor cortex (PMd), contralateral
to the arm used in the experiments. The implantation
was guided by the visual inspection of the anatomical
landmarks, including the arcuate sulcus and precentral
dimple, following the dura opening procedure included
in the protocol. Extracellular signals from each electrode
were amplified and digitized using equipment from
Tucker-Davis Technologies (Alachua, FL, USA), with the
raw, unfiltered signals sampled at 24.4 kHz. These raw
signals were then filtered using the built-in MATLAB
function TDTdigitalfilter (Tucher-Davis Technologies,
Alachua, FL, USA) within the frequency band of 200-4000
Hz. MUA was extracted offline using an automatic
thresholding method, where the threshold was set to
—3.5 times the standard deviation, calculated every milli-
second over a 5 s window and advanced in 1 ms steps
using the MATLAB function TDTThresh (Tucher-Davis
Technologies, Alachua, FL, USA). MUA signals are
expected to approximate the population response that

J Physiol 0.0

would result from pooling across many single units (Van
Vugt et al., 2018). Population-level analyses typically
yield very similar results whether based on single- or
multiunit activity (Mante et al., 2013; Trautmann et al,,
2019; Tremblay et al, 2015). All recorded units were
included in the decoding analyses. The complete neural
dataset included a total of 384 multiunits per monkey in
Experiment 1, and 384 and 288 multiunits for monkeys
1 and 2, respectively. As illustrated in Fig. Al the firing
rates across MUA channels displayed a broad distribution
around a central tendency (the Meridian). Notably the
greater spread following the target onset epoch suggests
diverse responsiveness to this event across MUA channels.

To assess reward and cued spatial selectivity we applied
a one-way non-parametric ANOVA (Kruskal-Wallis test)
to neural data from valid trials, using a 100 ms sliding
window evaluated at each millisecond (Fig. 3).

Decoding procedure

To investigate the dynamics of motor encoding across
both valid and invalid trials in different reward conditions
we conducted a decoding analysis using correct trials. To
evaluate classification accuracy across distinct, randomly
selected trials we performed 100 resampling runs. In each
run we included all units recorded in at least 10 trials for
each of the two possible motor target locations, resulting
in a matrix of n units by 20 trials for both valid and invalid
conditions.

For decoding we employed a leave-one-trial-out
methodology. In this approach one trial is designated the
test set, and all other remaining trials form the training
set. To avoid imbalance in the training set one trial was
removed in addition to the test trial such that all locations
were equally represented in the training set. During the
training phase for each time step a regularized optimal
linear estimator (RegOLE) (Amengual et al., 2022; Di
Bello et al., 2022; Di Bello, Falcone, 2024; Gaillard
et al., 2020) associated the neural responses, consisting
of a vector containing the neural signals collected at
each recording contact, from a structure containing the
signal of 16 correct trials to the (x,y) co-ordinates of
the associated target position for each trial. To avoid
overfitting we used a Tikhonov regularization, which
gives us the following minimization equation: norm
(Wx(R + b) — C) 4+ Axnorm(W). The scaling factor
A was chosen to allow for a good compromise between
learning and generalization (De Sousa et al, 2021).
During testing the classifier’s output was estimated from
a vector of the average neuronal activity for each of the
n recorded channels for the time interval of interest on a
testing trial, new to the classifier. If the classifier’s output
fell within the same side of the screen as the Go signal,
the classification was considered correct. Classification

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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Table 1. Reaction times
Valid trials Invalid trials
3 drops 12 drops 3 drops 12 drops
Experiment 1 Monkey 1 292.1 4+ 20.7 234.3 + 15.2 305.2 +33.6 248.7 + 20.8
Monkey 2 359.8 4+ 30.7 3145 + 16.9 402.6 + 38.7 361.3 + 26.1
Experiment 2 Monkey 1 509.2 + 28.4 414.3 + 25.2 546.3 + 43.1 507.2 + 22.9
Monkey 2 579.8 + 18.5 5345 + 13.9 640.5 + 25.5 649.7 + 125

Note: Means and standard deviation of RTs (in milliseconds) in experiments 1 and 2 across animals.

accuracy was the average proportion of correctly classified
trials.

To assess whether the decoding accuracy of the real
(non-permuted) data was significantly above chance we
generated a null distribution by randomly shuftling the
target location labels for each trial and recalculating
decoding accuracy. This shuffling was repeated 100
times, producing a null distribution representing chance
performance.

Statistical = significance was evaluated using a
non-parametric permutation test. We combined the
100 accuracy values obtained from one condition with the
100 values from the accuracy values of the other condition
(or from the null distribution) and randomly reassigned
them into two groups of 100. For each permutation
we calculated the difference in means between these
groups. This process was repeated 1000 times to build
a null distribution of mean differences under the null
hypothesis that the two distributions are equivalent.
The decoding accuracy from the real data was deemed
statistically significant if it fell within the top or bottom
0.01% of this null distribution.

When performing computations over time the large
number of consecutive statistical comparisons required
controlling for the family-wise error rate (FWER) (Di
Bello, Mione et al., 2024; Maris & Oostenveld, 2007). To
address this we only considered clusters of significant
effects that lasted at least 100 ms (Candia-Rivera &
Valenza, 2022; Di Bello et al., 2025; Sapountzis et al., 2022).

Results
Behaviour

Reaction time analysis. If motivation impacts spatial
attention, we expect faster RTs on valid trials in the
high-reward condition compared to the low-reward
condition, indicating more efficient attentional allocation.
In contrast for invalid trials a higher reward may
require additional time to shift attention away from
the attended cued location, leading to an interaction
between motivation and attention (Bucker & Theeuwes,
2014). To test this we applied an LMM to the collected

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.

log-transformed RTs for each experiment and each
monkey, using reward (low: 3 drops of juice; high: 12
drops of juice) and validity (valid, invalid) as fixed effects.
The not-transformed RTs (in milliseconds) for valid and
invalid trials under low- and high-reward conditions are
presented in Table 1.

Experiment 1. The number of correct Go trials included
in the analysis was n = 1483 for Monkey 1 and n =
2173 for Monkey 2. LMM revealed a main effect of
reward, with significantly faster responses in high-reward
trials compared to low-reward trials in both the monkeys
(Monkey 1: t = 10.2; estimate = 0.2443 log(ms); P = 1.0
e-30; Monkey 2: t = 5.4105; estimate = 0.0964 log(ms); P
= 6.98 e-08) (see Table Al and Fig. 24,B). A main effect
of validity was also observed, with overall faster reaction
times to valid trials compared to invalid trials (Monkey
1: t = —2.228; estimate = —0.0364 log(ms); P = 0.026;
Monkey 2: t = —9.4307; estimate = —0.1300 log(ms); P
= 1.0 e-20). No significant interaction between reward
and validity was found in both the monkeys (Monkey 1:
t = —1.1785; estimate = —0.0274 log(ms); P = 0.2388;
Monkey 2: t = 0.9323; estimate = 0.0186 log(ms); P =
0.3513).

Experiment 2. The number of correct Go trials included
in the analysis was n = 785 for Monkey 1 and n = 899
for Monkey 2. LMM revealed a main effect of reward,
with significantly faster responses in high-reward trials
compared to low-reward trials in Monkey 1 (¢t = 2.1483;
estimate = 0.0635 log(ms); P = 0.032) (see Table A2 and
Fig. 2C,D). In contrast Monkey 2 showed no significant
difference between low- and high-reward trials (t =
—0.4731, estimate = —0.0109 log(ms), P = 0.6362). The
absence of a main reward effect in Monkey 2 may, in part,
be attributed to the strong reward-related slowing down
effect of the responses on invalid trials. A main effect
of validity was also observed, with overall faster reaction
times on valid compared to invalid trials (Monkey 1: ¢
= —9.6135, estimate = —0.2087 log(ms), P = 9.36 e-21;
Monkey 2: t = —11.175, estimate = —0.1991 log(ms), P =
3.12 e-27). A significant interaction between reward and
validity emerged in both the monkeys (Monkey 1: t =
3.0862; estimate = 0.0329 log(ms); P = 0.002; Monkey 2:
t = 3.6058; estimate = 0.0936 log(ms); P = 0.0003).
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Analysis of accuracy. To assess the impact of
reward-induced motivational drives on performance
we analysed the number of misses across the reward
conditions using a chi-square goodness-of-fit test. If
reward influenced performance, we would expect a
higher rate of misses in the low-reward condition (low:
3 drops of juice) compared to the high-reward condition
(high: 12 drops of juice).

Experiment 1. In Monkey 1 misses were absent in three
out of four sessions, whereas in one session no significant
difference emerged between the two reward conditions
(session: E1IM1_s4, Plow = 0.003, Phigh = 0.003, chi* =
0, P =1) (see Table A3 and Fig. 2A). Monkey 2 exhibited
a significantly higher number of misses in one out of four
sessions (session: EIM2_s1, Plow = 0.035, Phigh =0, chi?
= 10, P = 0.001), whereas in the remaining sessions the
higher number of misses in the low-reward condition did
not reach significance (session: EIM2_s2, Plow = 0.004,
Phigh = 0, chi®* = 1, P = 0.32; session: E1IM2_s3, Plow
= 0.009, Phigh = 0.003, chi’ = 1, P = 0.32; session:
EIM2_s4, Plow = 0.006, Phigh = 0.003, chi* = 0.33, P
= 0.56) (see Table A3 and Fig. 2B).

Experiment 1
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0 - A g %
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cC 35 2 s o
o o 55 : Misses absent No data o o
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+ — 1.6
5.0 - 01 I ].3
0 0
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Low High
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6.5 .04 — —————.6
.02 I I I 3
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< 3 20 11N 0f @
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0
E1M2_s4 6
5.0 01 '3
ol Mm | \_ll-_‘ 0
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Figure 2. Behavioural results
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Experiment 2. In all sessions both the monkeys showed
significantly higher number of misses in the low-reward
condition (Monkey 1: session: E2M1_sl1, Plow = 0.055,
Phigh = 0, chi* = 5, P = 0.025; session: E2M1_s2, Plow
= 0.113, Phigh = 0.007, chi* = 11.26, P = 8.0 e-4; session:
E2M1_s3, Plow = 0.161, Phigh = 0.006, chi* = 17.19, P
= 3.38 e-5; session: E2M1_s4, Plow = 0.049, Phigh = 0,
chi®* = 6, P = 0.014; Monkey 2: session: E2M2_s1, Plow =
0.034, Phigh = 0, chi? = 5, P = 0.025; session: E2M2_s2,
Plow = 0.047, Phigh = 0, chi* = 8, P = 0.004; session:
E2M2_s3, Plow = 0.028, Phigh = 0, chi* = 4, P = 0.045)
(see Table A4 and Fig. 2A,B).

Analysis of false alarms. If incentive motivation
influences motor system activation (Young et al., 2018),
we expect a higher number of (wrong) reaching responses
(i.e. false alarms — FAs) to NoGo targets in high-reward
trials compared to low-reward trials. To verify this we
analysed the number of FAs across the two reward
conditions using a chi-square goodness-of-fit test. In all
sessions both the monkeys showed no difference of FAs
between low- and high-reward condition (Monkey 1:

Experiment 2
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A, B, Experiment 1 (E1): Behavioural data for Monkey 1 (M1) and Monkey 2 (M2). Boxplots show log-transformed
reaction times (ms) for valid (V) and invalid (I) trials pooled across sessions. For each session (s1-s4) and animal
miss rates are shown by reward level, along with eye coherence at target onset relative to the spatial cue direction.
C,D, Experiment 2 (E2): same format as in Experiment 1, with the addition of false alarm (FA) rates for NoGo trials
shown in the right panels. Error bars indicate &1 SD. Black horizontal lines mark significant differences (P < 0.05).

Small black crosses indicate outliers.
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session: E2M1_s1, Plow = 0.011, Phigh = 0.011, chi* =
0, P = 1; session: E2M1_s2, Plow = 0.024, Phigh = 0.015,
chi? = 0.2, P = 0.654; session: E2M1_s3, Plow = 0.008,
Phigh = 0, chi®* = 1, P = 0.317; session: E2M1_s4, Plow =
0.016, Phigh = 0, chi* = 2, P = 0.157; Monkey 2: session:
E2M2_s1, Plow = 0.027, Phigh = 0.027, chi>?=0,P=1;
session: E2M2_s2, Plow = 0.018, Phigh = 0.011, chi?2 =
0.2, P = 0.654; session: E2M2_s3, Plow = 0.021, Phigh =
0.006, chi®> = 1, P = 0.317) (see Table A4 and Fig. 2C,D).

Eye position. Oculomotor and attention are closely inter-
connected systems, sharing common neural substrates
(Di Bello et al., 2025), such that eye movements are
considered as a direct expression of overt attention (Di
Bello et al., 2019; Moore & Fallah, 2001). Attention
is typically engaged when multiple features must be
integrated for object discrimination or recognition (as in
Experiment 2), whereas it is believed weakly employed
for tasks involving the simple detection of an object’s pre-
sence (as in Experiment 1) (Treisman & Gelade, 1980).
To test this we assessed overt attention by analysing the
eye-tracking data across the two experiments. Due to
technical limitations some eye-tracking data were not
recorded concurrently with the neural data (see Methods).
For both experiments we measured for each recorded
session how often the eye position at the time of target pre-
sentation was consistent (or coherent, see Methods) with
the location indicated by the spatial cue.

Experiment 1. Eye position was influenced by
coherence across all recorded sessions (see Table A5).
In Monkey 1 the single recorded session showed a
significantly higher number of central fixations compared
to the other conditions (Fig. 2A). In Monkey 2 central
fixations were significantly more frequent than coherent
fixations in one out of three sessions, whereas no
significant differences emerged between central and
coherent positions in the remaining two sessions (Fig. 2B).
Incoherent fixations were the less frequent in all sessions
for both monkeys (Fig. 2A,B).

Experiment 2. Eye position was influenced by
coherence across all recorded sessions (see Table A6).
Monkey 1 showed significantly higher number of
central compared to the coherent fixations in one out
of four sessions. In the other three sessions no difference
emerged between coherent and central fixations (Fig. 2C).
In Monkey 2 coherent fixations were significantly more
frequent than central fixations in both recorded sessions
(Fig. 2D). Incoherent fixations were the least frequent
across all sessions for both monkeys (Fig. 2C,D).

Overall the data suggest a greater use of overt attention
in the second experiment in both monkeys. In Monkey 1
the only session recorded during Experiment 1 revealed
a higher number of fixations on the central position
compared to both the coherent and incoherent positions.

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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Differently in Experiment 2 most sessions did not show
significant differences between the central and coherent
positions; however one session still exhibited a difference
but showed a reduced absolute value compared to the
session from Experiment 1. In Monkey 2 Experiment
1 revealed comparable fixation patterns between the
central and coherent positions, with a preference for the
central position observed in one session. Conversely in
Experiment 2 fixation on the coherent position emerged as
the predominant oculomotor strategy across all sessions.

Neurophysiology

PMd multiunits are modulated by reward and cued
location. Neurons in the PMd are known for their mixed
selectivity, enabling them to process multiple types of
information simultaneously (Rigotti et al., 2013). To verify
this in our dataset we examined whether PMd neuronal
multiunits (hereafter, units) encoded both the reward and
the cued spatial location as specified by the central cue
throughout the trial. To assess reward and cued spatial
selectivity we applied a one-way non-parametric ANOVA
(Kruskal-Wallis test) to neural data from valid trials, using
a 100 ms sliding window evaluated at each millisecond
(Fig. 3). Data from invalid trials were not included in the
analysis, as the information provided by the cue did not
correspond to the target location. We note that because
the signal is based on MUA the selectivity shown in Fig. 3
represents an aggregate measure of neural population
activity.

In Experiment 1 the neural signal from both monkeys
displayed significant modulation to both variables before
the target presentation (from —100 to 0 ms, target
onset aligned). However their selectivity profiles differed:
Monkey 1 had a higher proportion of reward-selective
units (reward units = 48%, cue-selective units = 14%,
both reward and cue-selective units = 10%), whereas the
signal in Monkey 2 exhibited greater selectivity for the
cued location (reward units = 15%, cue-selective units
= 22%, both reward and cue-selective units = 4%). In
Experiment 2 significant tuning to both reward and spatial
information was observed, with reward selectivity being
more pronounced in both monkeys (Monkey 1: reward
units = 32%, cue-selective units = 21%, both reward and
cue-selective units = 12%; Monkey 2: reward units = 18%,
cue-selective units = 15%, both reward and cue-selective
units = 7%).

Reward-induced motivation influences the encoding
of the cued location in PMd. To investigate whether
incentive motivation affects the encoding of target
information in the PMd we compared the ability to decode
the cued location from valid trials between high- and
low-reward conditions, using cluster-based permutation
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tests (see Methods). Because only valid trials were
included the cued location and target location coincided.
In Experiment 2 only Go trials were analysed.
Experiment 1. In both monkeys the analysis did
not reveal significant differences in decoding accuracies
between the high- and low-reward conditions.
Experiment 2 (Go trials only). The analysis revealed
a higher ability to encode the cued location in the
high-reward condition compared to the low-reward
condition around target presentation in both monkeys.
In Monkey 1 this enhancement started before the pre-
sentation of the target (from —150; Fig. 4, bottom-row)
and continued for 200 ms afterwards. In Monkey 2
significantly higher accuracies for high reward were
observed from 100 to 200 ms after the target presentation

Experiment 1

J Physiol 0.0

(all clusters significant at P < 0.01; detailed P-values are
presented in Table A7).

Invalid targets perturb the encoding of the target location
based on incentive motivation. Invalid targets can be
considered unexpected events that trigger a shift in
attentional deployment away from the cued location.
These events may also alter the target location information
encoded in the PMd, initially set by the cue (Di Bello
et al., 2019). To test this we analysed the decoding of
the target location focusing on the comparison between
valid and invalid conditions around target presentation.
Temporal differences in decoding accuracy were assessed
using a cluster-based permutation test. Invalid target
perturbations (i.e. transient drops in decoding accuracy
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Figure 3. Reward and spatial selectivity in PMd
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The left-side plots display the neural activity (MUA signal) from example recording channels, each selective for both
reward and cued location, aligned to the cue presentation and target onset. The numbers above each plot indicate
the corresponding session (S) and recording channel (ch). Black horizontal lines indicate a significant difference
between conditions (Kruskal-Wallis non-parametric test, P < 0.05). The right-side Venn diagrams illustrate the
proportions of multiunits significantly tuned to reward, cued location or both in the epoch preceding target onset

(from —100 to 0 ms, target onset aligned).
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relative to valid targets) in response to target presentation
were further evaluated by comparing valid and invalid
accuracies within the 100-400 ms time window using a
non-parametric one-way ANOVA (Kruskal-Wallis test).
Analysis around the cue onset showed no differences
between the two conditions in both experiments (Fig. A2).

Experiment 1. Cluster-based permutation test revealed
a drop in decoding the target location in response to
invalid targets in both monkeys. In the high-reward
condition invalid trials showed significant lower
accuracies from 100 to 250 ms in Monkey 1 and from 150
to 400 ms in Monkey 2 (all clusters significant at P < 0.01;
detailed P-values are presented in Table A8). Similarly in
the low-reward condition invalid targets led to a decrease

Experiment 1

Motivational modulation of attention-motor interaction 11

in motor coding from 100 to 300 ms in Monkey 1 and
from 150 to 500 ms in Monkey 2 (all clusters significant
at P < 0.01, aligned to target onset; Fig. 5, left columns).
Perturbations were more pronounced in the low-reward
condition than in the high-reward condition (Monkey 1:
chi’* = 16.75, P = 4.26 e-5; Monkey 2: chi’ = 6.86, P =
0.008).

Experiment 2. We performed the analyses separately
for Go trials and NoGo trials. In Go trials cluster-based
permutation test revealed a reduced decoding of target
location in response to invalid targets in both monkeys. In
the high-reward condition decoding accuracy for invalid
trials was significantly lower from 100 to 250 ms in
Monkey 1 and from 150 to 350 ms in Monkey 2 (all clusters
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Figure 4. Population decoding of the target location for high and low rewards

Time course of population decoding accuracy for the motor target location in high- and low-reward conditions,
aligned to cue onset (left panels) and target onset (right panels). Coloured lines and shading show the mean
classification accuracy + SE for high (red) and low (blue) rewards. Thick black horizontal lines indicate significant
increases in decoding accuracy for high- compared to low-reward conditions (cluster-based permutation test,
all clusters significant at P < 0.01; detailed P-values are presented in Table A7). Coloured horizontal lines show
significant (cluster-based permutation test, P < 0.01) deviation from chance (dashed horizontal line). Grey shaded
areas indicate the time window during which no stimuli were displayed on the screen (i.e. black screen) between

cue offset and target onset.
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significant at P < 0.01, aligned to target onset; Fig. 5,
middle columns). Similarly in the low-reward condition
invalid targets led to a reduced decoding accuracy from
100 to 250 ms in Monkey 1 and from 250 to 400 ms in
Monkey 2 (all clusters significant at P < 0.01, aligned
to target onset). Cluster-based permutation test in NoGo
trials revealed a reduced decoding accuracy in response
to invalid targets in both monkeys. In the high-reward
condition invalid trials showed lower accuracies from 0 to
250 ms in Monkey 1 and from 50 to 450 ms in Monkey
2 (all clusters significant at P < 0.01, aligned to target
onset; Fig. 5, right columns). Similarly in the low-reward
condition invalid targets led to a decrease in decoding
from 150 to 250 ms in Monkey 1 and from 200 to 350
ms in Monkey 2 (all clusters significant at P < 0.01,
aligned to target onset). Using two-way ANOVA decoding
perturbations show a main effect of reward (Monkey 1:
F = 62.19; P = 3.22 e-15; Monkey 2: F = 191.50; P
= 2.08 e-43), with larger perturbations observed in the
high-reward condition. We detected a main effect of task
(Monkey 1: F = 140.10; P = 3.02 e-32; Monkey 2: F =
251.09; P = 2.64 e-56), reflecting stronger perturbations
in NoGo trials compared to Go trials. There was an inter-

Experiment 1

Experiment 2 - Go trials

J Physiol 0.0

action between the two factors (Monkey 1: F =45.51; P =
1.55 e-11; Monkey 2: F = 34.51; P = 4.28 e-09).

Overall these results indicate a differential
reward-related impact of invalid targets on the
representation of the target location in PMd, depending
on the assigned task.

The target location code is modulated by motor
information. Given the well-known involvement of the
PMd in motor planning and execution (Batista et al.,
2007; Chandrasekaran et al., 2017) we hypothesized that
the neural representation of target location might be
influenced by motor-related processes. To test this we
compared decoding accuracy for target location between
Go and NoGo trials, aligning the data to movement
onset in Go trials and to the estimated movement onset
in NoGo trials. If this neural code also contains motor
information, we would expect it to remain high in Go
trials but to decline in NoGo trials, where no movement is
initiated and the code may no longer be engaged. To avoid
considering potential confounds introduced by invalid
trials (see Fig. 5) this analysis was restricted to valid trials
only.

Experiment 2 - NoGo trials
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Figure 5. Neural coding perturbations due to invalid trials in high and low rewards

Experiment 1: (upper rows) Time course of population decoding accuracy for the target location in high- and
low-reward conditions for both valid (dark colour) and invalid (light colour) trials aligned to target onset. Lines and
shading show the mean classification accuracy & SE. Dashed coloured lines indicate the mean reaction time (RT)
for valid (dark colour) and invalid (light colour) trials. Thick black horizontal lines indicate significant differences
between high- and low-reward decoding accuracies (cluster-based permutation test, all clusters significant at P
< 0.01; detailed P-values are presented in Table A8). Coloured horizontal lines show significant (cluster-based
permutation test, P < 0.01) deviation from chance (dashed horizontal line). (Bottom row) Difference in decoding
accuracy between invalid and valid trials within the epoch (100-400 ms, target onset aligned) for low reward (blue
bar) and high reward (red bar). Asterisk indicates significant difference (Kruskal-Wallis test, P < 0.05). Experiment
2: same format as Experiment 1, shown separately for Go and NoGo trials.
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In both monkeys and across all reward conditions
we observed a significant drop in decoding accuracy in
NoGo trials shortly before or around the expected time
of movement onset (Fig. 6). For example in Monkey
1 decoding declined from movement onset (0 ms) in
the high-reward condition and from -150 ms in the
low-reward condition. In Monkey 2 the decline began
at -50 ms (high reward) and -150 ms (low reward)
(cluster-based permutation test, all clusters significant at P
< 0.01; detailed P-values are presented in Table A9). Over-
all the presented results suggest that the target location
code is closely linked to the execution of movement.

Discussion

In this study we examined how motivation shapes
behaviour in two monkeys performing two reaching
versions of an endogenous cueing task, each with distinct
motor and visual demands. In Experiment 1 a motor
response was required on every trial. In Experiment 2
a response was needed only for Go targets (Fig. 1).
Motivation was manipulated by varying the reward level
on each trial, indicated by the colour of the spatial cue. In
cueing tasks, targets appearing at the cued location (valid
trials) are typically detected more accurately than those

at uncued locations (invalid trials), a difference attributed
to the allocation of spatial attention towards the cued
direction. However evidence suggests that motor biases
may also influence behavioural effects traditionally linked
to spatial attention (Di Bello et al., 2019; Jaffard et al,,
2007).

To test this, and how these processes are modulated by
motivation, we recorded neural activity from the PMd of
two monkeys, a region central to motor control (Bardella
et al., 2024; Pani et al., 2014; Ramawat et al., 2022), while
they performed the tasks. Our results showed that PMd
activity was closely linked to motor behaviour (Fig. 6), and
that it encoded target location as a function of both cue
validity and reward level (Figs 4 and 5). Notably the impact
of invalid targets on this encoding was modulated by
reward in distinct ways across tasks, suggesting that PMd
may contribute to performance in Posner-style cueing
tasks depending on task demand.

Incentive motivation affects behaviour depending on
task demands

Motor behaviour. In Experiment 1 the monkeys manually
reported the presence of a peripheral target on each trial.
In contrast, Experiment 2 utilized a Go/NoGo paradigm

Monkey 1 Monkey 2

100 HW—O—.—.—.— 100 .
s & | / |
U © i |
D: 5 1 1
S 8 oo T80 | -
=) < €0 i |
« i S— T SR fommmmeeee
40 L 40 .
2000 MovON 200 -200  MovON 200
time (ms) time (ms)
Figure 6. Neural coding of target location
in high- and low-reward conditions (valid 100
trials only)
Time course of target location decoding
accuracy of Go trials (dark) and NoGo trials IS /\o\
(light) in high- and low-reward conditions for ©c < 80
valid trials, aligned to movement onset. = 5
Shaded areas show mean = SE. Black bars &) ©
indicate significant differences between target 8
types (cluster-based permutation test, all < O 60
clusters significant at P < 0.01; detailed 3 <
P-values are presented in Table A9). Vertical
dashed grey lines mark movement onset (Go 40

trials) or estimated onset (NoGo trials).
Horizontal dashed grey lines indicate chance
level.

-200  MovON 200 2000 MovON 200
time (ms) time (ms)
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requiring a motor response only after the monkeys inter-
preted the identity of the peripheral target. Behavioural
results revealed differences between the two tasks, with
Experiment 2 leading to a higher number of misses and
slower overall RTs compared to Experiment 1 (Fig. 2),
reflecting the increased motor and attentional demands of
the Go/NoGo task.

In Experiment 1 the need for motor inhibition was
indeed minimal, allowing monkeys to prepare their
responses in advance based on expected reward. On
the contrary in Experiment 2 premature incentive-driven
motor preparation could have resulted in unnecessary
movements during NoGo trials (i.e. FAs). However this
was not observed as all recorded sessions showed a
comparable number of FAs across reward conditions,
suggesting the adoption of a refined executive motor
control in Experiment 2.

Attentional deployment. Faster RTs in valid trials
compared to invalid trials are considered a behavioural
hallmark of attentional orienting towards the location
indicated by the cue in both tasks (Treisman & Gelade,
1980). In Experiment 1 faster RTs were observed
in valid trials compared to invalid trials across all
reward conditions; however no significant interaction
between reward and validity was found. In contrast
Experiment 2 not only showed faster RTs in valid
trials compared to invalid trials but also revealed a
significant interaction between reward and validity in
both monkeys. This suggests that the reward at stake
influenced the deployment of attention. Specifically
higher reward resulted in faster RTs in valid trials,
but this improvement was absent or weaker in invalid
trials. These differing RT patterns thus reflect a distinct
attentional deployment between the two tasks. In
Experiment 1 the general speeding up of responses
due to motivation, independent of cue validity, suggests
that reward incentives primarily exerted a broad alerting
or arousing effect on performance, rather than a specific
improvement of spatial attention. In contrast the RT
patterns observed in Experiment 2 support the notion of
a more targeted influence of incentives on the attention
system (Bucker & Theeuwes, 2014; Di Bello et al., 2019).
We believe these effects mainly arise from the differing
attentional and motor demands of the tasks. While
Experiment 1, based on target detection, did not require
complex visual analysis of the target, Experiment 2,
which involved identifying the target as either ‘Go” or
‘NoGo, required more demanding visual processing.
The use of different visual demands was intentionally
designed to engage the attentional system differently
across the two tasks. According to Feature Integration
Theory (Treisman & Gelade, 1980) attention is deeply
engaged only when multiple features must be integrated
to form a coherent perception of a complex object.
In detection tasks such integration is not necessary,

J Physiol 0.0

leading to reduced attentional involvement. Consistent
with this hypothesis eye movement revealed differing
attentional strategies between the tasks. Attentional shifts
are often accompanied by eye movements towards the
attended location (Chica et al., 2014) and are considered a
hallmark of overt attention. Our results showed more
consistent and accurate eye orienting towards the
expected target location in Experiment 2, reflecting
the increased attentional deployment required by the
Go/NoGo paradigm.

Motivation modulates PMd activity differently across
tasks

It is well established that motivation influences the
activation of the motor system, leading to faster motor
responses and reduced error rates (Boehler et al., 2012,
2014; Di Bello et al, 2019; Zhao et al, 2024). It
also influences executive motor control, favouring the
inhibition of unwanted reaching movements (Freeman &
Aron, 2016; Giamundo et al., 2021; Quattrocchi et al.,
2017). However how motivation impacts motor system
activity in relation to task demands remains poorly under-
stood (Steele-Johnson et al., 2000). To investigate this we
examined how incentive rewards affect target location
encoding in the PMd across two tasks and found that
reward modulated this neural coding differently in each
experiment (Fig. 4).

In Experiment 1 reward had no impact on decoding
accuracy around the target onset. In contrast in
Experiment 2 high reward enhanced target location
decoding in both monkeys and, in one case, even before
target presentation. At first this might seem counter-
intuitive as one might expect a stronger link between
target representation and reward in Experiment 1, where
a motor response towards the target was always required.
Instead this association appears stronger in Experiment
2, which required greater executive control to eventually
cancel planned responses on NoGo trials. PMd is known
to contribute to inhibitory motor control (Mattia et al.,
2013; Mirabella et al., 2011; Pani et al., 2014, 2022) and
is strongly connected to reward-related areas such as the
supplementary motor area (SMA) and preSMA (Johnson
& Ferraina, 1996; Liu et al., 2002; Scangos & Stuphorn,
2010). These connections make the PMd a well-suited area
to integrate motivational signals with motor planning.
This view is consistent with recent findings showing that
reward influences executive motor control by enhancing
the selection of appropriate actions while suppressing
others (Giamundo et al., 2021; Giuffrida et al., 2023).
Together these results support the idea that for effective
executive motor control it may be particularly beneficial
for the motor system to maintain a clear representation
of the target location when motor inhibition is a likely
option.

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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One might argue that the encoding of target location
in PMd might not necessarily reflect motor-related
information. However the observed pattern of neural
activity suggests otherwise. Specifically although
decoding accuracy for target position remains high
throughout the reaching movement in Go trials, it drops
sharply just before, or around, the estimated movement
onset in NoGo trials (Fig. 6). This clear divergence
indicates a functional link of this code with motor
execution.

Given the central role of attention in the second task we
cannot exclude that the enhanced neural representation
of the target under high reward may also be influenced
by spatial attention. Such modulation could arise from
sensorimotor processes that facilitate visual acquisition
(e.g. by orienting the head or gaze) or from overlapping
neural resources shared by motor and attentional systems,
both relying on spatial codes for goal-directed behaviour
(Breveglieri et al., 2024; Di Bello et al., 2025; Londei et al.,
2024). However regardless of whether PMd directly inter-
acts with attentional systems our evidence shows that PMd
activity is shaped by motivation in a manner that depends
on task demands.

PMd influences attentional reorienting depending on
motivation and task demands

Spatial attention is often assessed by presenting targets
(i.e. invalid targets) in a location different from the one
suggested by the cue (Chica et al., 2014; Posner, 1980).
This requires rapid attentional shifts to process the target
in this unexpected position. Due to their infrequent
occurrence these targets are believed to significantly
impact the motor system (Di Bello et al., 2019; Wessel &
Aron, 2017). It has been proposed that unexpected events,
such as invalid targets, during a motor task may cause a
brief general break in ongoing motor processes, allowing
for a reevaluation of the motor plan (Battaglia-Mayer et al.,
2014; Brunamonti et al., 2012; Giarrocco et al., 2021;
Haque et al., 2025; Wessel & Aron, 2017). To date the
specific effects of invalid targets on the motor system, as
well as how these effects are influenced by reward and task
complexity, remain unclear. In our study we found that
the presentation of this type of unexpected target impacts
the representation of the target location in the PMd
in a reward-dependent manner, although with opposite
patterns across tasks. Although Experiment 1 shows
stronger perturbations under low-reward conditions,
Experiment 2 revealed that these perturbations were
more pronounced in high-reward conditions, in both
Go and NoGo trials (Fig. 5). Interestingly the stronger
perturbations observed in NoGo trials compared to Go
trials suggest both an early target identification and that
targets associated with inhibitory instructions have a

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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greater impact on the code. Nevertheless the code appears
resilient, showing a definitive decline only at a later stage
of the motor decision process (Fig. 6).

Taken together these findings suggest that invalid
targets influence PMd activity in a task-dependent
manner, with motivation, attention and motor planning
jointly determining the strength of this effect. Given the
observed link between PMd encoding and movement
execution (as discussed previously) our results support
the idea that invalid targets alter the formation of a
stable and precise target representation in PMd, thereby
affecting motor planning. This implies that changes in the
neural code may have actively contributed to the observed
patterns of reaction times. Overall our findings indicate
that PMd plays a role in shaping responses typically
associated with attentional processes, even in tasks where
motor preparation is discouraged.

It remains unclear whether PMd directly influences the
attentional systems or exerts its effects solely within the
motor system. Few models have attempted to integrate
the reciprocal relationships between motivation, attention
and motor skills in goal-directed behaviour. In their
OPTIMAL (Optimizing Performance through Intrinsic
Motivation and Attention for Learning) theory Wulf
& Lewthwaite (2016) proposed that motivation and
attention independently enhance movement performance
by strengthening the connection between goals and
actions. However substantial evidence suggests that
attention and motor systems are deeply interconnected,
and both are highly sensitive to the influence of motivation
(Di Bello et al., 2019; Di Bello et al., 2025; Engelmann,
2009; Oliveira et al., 2013; Raymond & O’Brien, 2009).

Our findings extend this view by showing that
motivation influences both attentional and motor
processes, particularly in tasks that require tight
co-ordination between executive motor control and visual
attention. If motivation acted independently on attention
and motor control, we would expect the effects of cue
validity to remain consistent across reward conditions,
both in behaviour (i.e. the validity effect) and neural
responses (i.e. decoding perturbations). Differently
these effects varied with reward and task demands,
suggesting a dynamic interaction between attention and
motor systems. If that is indeed the case, rather than
acting independently, motivation appears to amplify the
dynamic interplay between attention and motor control,
further strengthening the link between goals and actions.

However the described motivational effects may derive
from a wide range of factors, including specific task
demands, the nature of the effector involved (e.g. hand
vs. eye movements), the complexity of the required motor
or attentional adjustments, factors that could not be
fully controlled within the proposed experimental design.
Further research is needed to clearly evaluate the impact
of motivation on the attentional-motor interplay and to
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disentangle the specific contributions of these factors to

the observed effects.

firing rate (spk/sec)

firing rate (spk/sec)

arcuate sur

arcuate suleus

F. Di Bello and others

Appendix A

Experiment 1

Monkey 1 (n = 384)

firing rate (spk/sec)

200

150

100

n
o

J Physiol 0.0

Monkey 2 (n = 384)

. [lean
== |\edian

pre post
Cue ON

Experiment 2

200
= \lean
== |\ledian
150
100
50
0
pre post pre post
Cue ON Target ON
Monkey 1 (n = 384)
200
150
100
50
0
pre post pre post
Cue ON Target ON

firing rate (spk/sec)

200

150

100

(&)
o

pre post
Target ON

Monkey 2 (n = 288)

3}

pre post
Cue ON

Figure A1. Recording sites and multiunit activity across task epochs
A, images showing the location of the Utah array implants in monkeys 1 and 2. Recordings were obtained from the
dorsal premotor cortex, with the array approximately positioned at the boundary between the rostral and caudal
subdivisions. B, violin plots of average multiunit firing rates across all recorded channels in experiments 1 and 2.
Activity is shown for two epochs: before and after cue onset (-100 to 0 ms and 100 to 200 ms) and before and
after target onset (=100 to 0 ms and 100 to 200 ms). Numbers at the top of each plot indicate the number of

recorded channels analysed.
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Experiment 1 Experiment 2 - Go trials Experiment 2 - NoGo trials
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Figure A2. Neural coding of target location for valid and invalid trials under high and low reward
conditions

Experiment 1: Time course of population decoding accuracy for target location in high- and low-reward conditions
is shown separately for valid (dark lines) and invalid (light lines) trials, aligned to cue onset. Lines and shaded areas
represent mean classification accuracy + SE. No significant differences were found between valid and invalid trials
or relative to chance (cluster-based permutation test, all clusters significant at P < 0.01). Experiment 2: same
conventions as in Experiment 1, shown separately for Go and NoGo trials.
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Table A3. Experiment 1 error analysis
Exp 1 df Misses

chi? P-value Plow Phigh
E1M1_s1 1 NaN NaN 0 0
E1M1_s2 1 NaN NaN 0 0
E1M1_s3 1 NaN NaN 0 0
E1M1_s4 1 0 1 0.003 0.003
E1M2_s1 1 10 0.001 0.035 0
E1M2_s2 1 1 0.32 0.004 0
E1M2_s3 1 1 0.32 0.009 0.003
E1M2_s4 1 0.33 0.56 0.006 0.003

Note: Chi-square goodness-of-fit test for misses in Experiment 1 sessions. ExXMx_sx indicates experiment number, monkey number and
session number, respectively.
Abbreviations: df, degrees of freedom; Plow, proportion of misses in low reward; Phigh, proportion of misses in high reward.

Table A4. Experiment 2 error analysis

Exp 2 df Misses FAs

chi2 P-value Plow Phigh chi? P-value Plow Phigh
E2M1_s1 1 5 0.025 0.055 0 0 1 0.011 0.011
E2M1_s2 1 11.26 < 0.001 0.113 0.007 0.2 0.654 0.024 0.015
E2M1_s3 1 17.19 < 0.001 0.161 0.006 1 0.317 0.008 0
E2M1_s4 1 6 0.014 0.049 0 2 0.157 0.016 0
E2M2_s1 1 5 0.025 0.034 0 0 1 0.027 0.027
E2M2_s2 1 8 0.004 0.047 0 0.2 0.654 0.018 0.011
E2M2_s3 1 4 0.045 0.028 0 1 0.317 0.021 0.006

Note: Chi-square goodness-of-fit test for misses and false alarms (FAs) in Experiment 2 sessions. Other conventions are same as in

Table A3.

Abbreviations: df, degrees of freedom; Plow, proportion of misses in low reward; Phigh, proportion of misses in high reward.

Table A5. Experiment 1 - Eye position analysis

Exp 1-eye df Coherent Central Incoherent chi? P-value Coh/Centr Coh/Incoh Centr/Incoh
E1M1_s4 2 15.90 58.65 5.48 434.80 < 0.001 Centr Coh Centr
E1M2_s1 2 33.65 40.38 3.89 307.57 < 0.001 Centr Coh Centr
E1M2_s2 2 34.80 39.52 2.49 280.42 < 0.001 0 Coh Centr
E1M2_s4 2 36.62 33.21 5.09 287.53 < 0.001 0 Coh Centr

Note: Proportion of eye position coherence in the available Experiment 1 sessions, with chi-square goodness-of-fit test and multiple
comparisons test. Significant higher proportions are reported accordingly. df, degrees of freedom. Other conventions as in Table A3.

Table A6. - Eye position analysis

Exp 2 — eyes df Coherent Central Incoherent chi? P-value Coh/Centr Coh/Incoh Centr/Incoh
E2M1_s1 2 31.48 36.24 19.58 32.75 <0.001 0 Coh Centr
E2M1_s2 2 35.13 35.96 15.54 89.22 <0.001 0 Coh Centr
E2M1_s3 2 31.42 42.12 11.36 156.32 <0.001 Centr Coh Centr
E2M1_s4 2 34.94 39.92 9.15 169.40 <0.001 0 Coh Centr
E2M2_s2 2 48.62 19.78 12.49 373.26 <0.001 Coh Coh Centr
E2M2_s3 2 46.31 21.59 10.03 304.93 <0.001 Coh Coh Centr

Note: Proportion of eye position coherence in the available Experiment 2 sessions, with chi-square goodness-of-fit test and multiple
comparisons test. Significant higher proportions are reported accordingly. df, degrees of freedom. Other conventions as in Table A3.

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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