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Reward cues readily direct 
monkeys’ auditory performance 
resulting in broad auditory cortex 
modulation and interaction 
with sites along cholinergic and 
dopaminergic pathways
patrik Wikman1, teemu Rinne2 & Christopher I. petkov3,4

In natural settings, the prospect of reward often influences the focus of our attention, but how 
cognitive and motivational systems influence sensory cortex is not well understood. Also, challenges in 
training nonhuman animals on cognitive tasks complicate cross-species comparisons and interpreting 
results on the neurobiological bases of cognition. Incentivized attention tasks could expedite training 
and evaluate the impact of attention on sensory cortex. Here we develop an Incentivized Attention 
Paradigm (IAP) and use it to show that macaque monkeys readily learn to use auditory or visual reward 
cues, drastically influencing their performance within a simple auditory task. Next, this paradigm was 
used with functional neuroimaging to measure activation modulation in the monkey auditory cortex. 
the results show modulation of extensive auditory cortical regions throughout primary and non-
primary regions, which although a hallmark of attentional modulation in human auditory cortex, has 
not been studied or observed as broadly in prior data from nonhuman animals. psycho-physiological 
interactions were identified between the observed auditory cortex effects and regions including basal 
forebrain sites along acetylcholinergic and dopaminergic pathways. The findings reveal the impact and 
regional interactions in the primate brain during an incentivized attention engaging auditory task.

Attention powerfully modulates brain activity in sensory cortices and selectively shapes neural responses in these 
regions1–8. However, due to a paucity of cross-species comparisons on attention-dependent modulations using 
comparable neurobiological measures, it is poorly understood how the neurocognitive systems in human and 
nonhuman animals compare. Recently, some authors have questioned the correspondence between monkey and 
human cognitive systems9, including the one involved in auditory cognition10,11. These concerns impede translat-
ing neuronal-level insights from nonhuman animal models to humans. While humans can be readily instructed 
to perform cognitive tasks, training nonhuman animals on such tasks, particularly in the auditory modality, is 
extremely challenging and time-consuming. Moreover, even after extensive training, lapses in attention occur 
in the nonhuman animals that alter neuronal responses12 or activation patterns13, complicating cross-species 
comparisons. It is thus imperative to further develop engaging tasks on which nonhuman animals can be quickly 
trained and which allow manipulating attention.

Incentivized attention tasks could be developed to expedite training and evaluate the impact on sensory cor-
tex by different cognitive control systems, which have traditionally been studied separately. Monetary incentive 

1Department of Psychology and Logopedics, University of Helsinki, 00014, Helsinki, Finland. 2Turku Brain and Mind 
Center, Department of Clinical Medicine, University of Turku, 20014, Turku, Finland. 3Institute of Neuroscience, 
Newcastle University, NE1 7RU, Newcastle upon Tyne, United Kingdom. 4Centre for Behaviour and Evolution, 
Newcastle University, NE1 7RU, Newcastle upon Tyne, United Kingdom. Teemu Rinne and Christopher I. Petkov 
jointly supervised this work. Correspondence and requests for materials should be addressed to P.W. (email: patrik.
wikman@helsinki.fi) or T.R. (email: teemu.rinne@utu.fi) or C.I.P. (email: chris.petkov@ncl.ac.uk)

Received: 15 June 2018

Accepted: 28 December 2018

Published: xx xx xxxx

OPEN

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Helsingin yliopiston digitaalinen arkisto

https://core.ac.uk/display/224640536?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1038/s41598-019-38833-y
mailto:patrik.wikman@helsinki.fi
mailto:patrik.wikman@helsinki.fi
mailto:teemu.rinne@utu.fi
mailto:chris.petkov@ncl.ac.uk


www.nature.com/scientificreports/

2Scientific RepoRts |          (2019) 9:3055  | https://doi.org/10.1038/s41598-019-38833-y

delay (MID) tasks have been used to study reward processing in humans14 and other animals15. These tasks have 
also been modified to modulate visual attention in humans16,17 and visual categorization in monkeys18. In the 
monkey visual categorization study by Minamimoto and colleagues (2010), monkeys were required to perform a 
simple visual task to receive a juice reward. The task consisted of withholding a response while a wait signal was 
presented (red dot) and to respond to a go signal (green dot). Then two different types of reward cues were incor-
porated: high reward (HiRe; e.g., picture of a dog) or low reward (LoRe; cat). The reward cues effectively manip-
ulated the monkeys’ performance; monkeys had fewer errors and faster responses in trials with HiRe than LoRe 
cues. This performance difference indicated that the monkeys were able to discriminate the picture categories. 

Figure 1. Auditory task with high or low reward auditory or visual cues: Incentivized Attention Paradigm 
(IAP). In all conditions, monkeys were required to withhold a response through a wait signal and to respond 
to an auditory go signal in order to receive a juice reward. In HiRe trials, a large reward (1 ml) was delivered 
immediately after a correct response. In LoRe trials, a small reward (0.1 ml) was delivered after a 7 s delay. In 
addition, visual feedback (green or red screen for correct or incorrect responses, respectively) was provided.  
(A) Four exemplary trials in auditory reward cue experiments (AudCue1 and AudCue2). If the monkey 
responded to the auditory go signal within a response window of 200–1300 ms in a HiRe trial, then a big 
juice reward was immediately delivered and the screen turned green. During LoRe trials, a correct response 
was associated with a delayed small reward and green screen. Note that the LoRe cue was presented until the 
reward was delivered. A response before the response window (early response) resulted in a red screen and trial 
termination. A red screen was also shown if the monkey did not respond before the end of the response window 
(miss). (B) Four exemplary trials in the fMRI experiment with visual reward cues and an auditory wait signal. 
See text and Table 1 for details.

Condition Event
Start 
time Duration Specification

AudCue1/AudCue2

HiRe cue 0 s 2.1–3.1 s 2 kHz (AM 3 Hz) band-pass noise/2 kHz (AM 8 Hz) tone

LoRe cue 0 s 9.1–10.1 s 2 kHz (AM 8 Hz) tone/0.2 kHz (AM 3 Hz) tone

Visual wait signal 0.5 s 0.7–2.6 s Yellow fixation dot

Auditory go nal 1–2 s 0.4 s Macaque ‘coo’

VisCue

HiRe cue 0 s 2.1–3.1 s High frequency pattern

LoRe cue 0 s 9.1–10.1 s Low frequency pattern

Auditory wait signal 0.5 s 0.7–2.6 s 2 kHz (AM 8 Hz) tone

Auditory go signal 1–2 s 0.4 s 4 kHz tone

fMRILow/fMRIHigh

HiRe cue 0 s 5 s High frequency pattern

LoRe cue 0 s 12 s Low frequency pattern

Auditory wait signal 0.5 s 4.5 s 0.2 kHz (AM 3 Hz) tone/2 kHz (AM 8 Hz) tone

Auditory go signal 2.3–3 s 0.4 s 4 kHz tone

fMRI volume 3–5 s 2 s

Table 1. Events and timings (hit trials).
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Importantly, the results showed that the monkeys recognized the visual categories within a single testing session. 
Moreover, the simple task required no response selection as the task was identical on each trial.

Here we extended the paradigm used by Minamimoto and colleagues18 to modulate performance during a 
simple attention-engaging auditory task (Fig. 1) using auditory (AudCue1 and AudCue2 experiments) or visual 
cues (VisCue experiment). In the AudCue experiments, a visual wait signal and an auditory go signal were used. 
In the VisCue experiments, both wait and go signals were auditory. We hypothesized that (1) monkeys quickly 
discriminate between distinct auditory or visual HiRe and LoRe reward cues and use them to influence their per-
formance during a simple auditory task, and that (2) fMRI would show activity modulation in broad regions of 
monkey auditory cortex, similar to auditory attention-related modulations reported in previous human imaging 
studies1–3,13,19–21. We found that both auditory and visual cues affected auditory task performance after minimal 
training (10 s to 100 s of trials; days or weeks, instead of months or years) with visual cues resulting in stronger 
effects. The fMRI results supported our initial hypotheses, revealing systematic modulations nearly exclusively 
in substantial portions of auditory cortex. Further analyses of psycho-physiological interactions (PPI) identi-
fied a number of regions that functionally interact with the auditory cortex effects, including basal forebrain 
sites involved in or influenced by acetylcholinergic and dopaminergic processes. The findings provide important 
insights into how an incentivized attention engaging auditory task influences the the sensory cortex in the pri-
mate brain.

Materials and Methods
All of the nonhuman animal work and procedures described here were performed at Newcastle University and 
were approved by the Animal Welfare and Ethical Review Body at Newcastle University and by the UK Home 
Office. The work complies with the UK Animal Scientific Procedures Act (1986) and with the European Directive 
on the protection of animals used in research (2010/63/EU). We support the principles on reporting animal 
research stated in the consortium on Animal Research Reporting of In Vivo Experiments (ARRIVE). All persons 
involved in animal handling and procedures were certified and the work was strictly regulated by the UK Home 
Office.

Macaque procedures. Three adult male rhesus monkeys (M1, M2, M3) from a group-housed colony were 
used for the auditory-cue experiments. At the beginning of the study, monkeys M1, M2 and M3 were 6, 6, and 8 
years old and weighted 12.5, 11, and 10 kg, respectively. When all study components completed a year later, the 
monkeys were 12, 11, and 9.5 kg, respectively.

Two of the monkeys (M1, M2) also took part in the visual-cue experiment using fMRI. Given the ethical sen-
sitivities involved in studying nonhuman primates and the 3Rs principles (one of which is on the Reduction of 
animal numbers), our work requires using the fewest macaques possible. A sample size of two to three is common 
in behavioral neuroscience experiments with macaques, provided that results are robust with each individual and 
that the effects generalize beyond one animal. Given that our results from several hundred trials with each animal 
are statistically robust and consistent in the overall pattern of effects between the animals there was no ethical 
justification to test additional monkeys.

Monkeys M1 and M2 had participated in a previous fMRI study and were already implanted with an MRI 
compatible head post for head immobilization during scanning (for details on the procedure, see13,22. Monkey 
M3 was previously trained to perform auditory tasks wearing a head-immobilizing face mask and helmet23. The 
quality of fMRI data that can be collected with the system is currently being assessed, but the system can already 
be used to collect auditory task performance data (see23), as was done with M3 on the behavioral auditory task 
here. All of the animals had been slowly acclimated with positive reinforcement training to work within a primate 
testing chair and to allow the required periods of head immobilization.

We relied on operant training with an individually customized fluid control procedure to ensure that the 
animals were motivated to work on the challenging tasks, while staying in a high state of wellbeing. This included 
using their preferred juice as reward to motivate them to perform the tasks (see24 for details). The animals had 
unrestricted access to fluid on days when they were not being trained or tested and over the weekends. Each daily 
(behavioral) training session was continued until the monkey’s motivation waned, and they stopped working.

Behavioral experiments (AudCue1, AudCue2 and VisCue). The monkeys were initially taught a sim-
ple auditory task. First, after 500 ms from trial onset a yellow filled circle (visual wait signal) appeared at the 
middle of the screen on grey background. The visual wait signal remained on the screen from 700 ms until the 
end of the trial (trial start and end are explained below). After a random interval of 500–1500 ms, an auditory 
go signal was presented. The auditory go signal was a 400 ms (including 8 ms onset and offset ramps) macaque 
“coo” vocalization recorded from a male macaque that was unfamiliar to the two individuals tested. If the monkey 
responded to the auditory go signal by pressing the lever within 200–1300 ms from its onset, then the response 
was accepted as a correct response and a juice reward was delivered. Incorrect responses (early responses during 
the visual wait signal) or missing the auditory go signal (no response before the end of the response window) were 
not rewarded, and the next trial started after a 200 ms delay. Visual feedback cues were used to supplement the 
juice reward during correct trials (green screen) or to emphasize an incorrect trial with no reward (red screen). A 
green screen was shown immediately after a correct response concurrently with reward delivery (200–1000 ms, 
depending on the size of the reward, see next paragraph). A red screen was shown for 200 ms immediately after 
an incorrect (early) response or at the end of the response window for miss trials. During this initial general task 
training in the laboratory, the monkeys mastered the simple auditory task in one session (ca. 500 trials).

Next, we acquired behavioral data while the monkeys performed the auditory task combined with auditory 
HiRe and LoRe cues. Since this was the first auditory study to use a version of the monetary incentive delay 
(MID) task, we did not know whether and which acoustical properties could be used to differentiate the cues. 
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Therefore, we tested two sets of auditory cues and observed similar results with both. It is important to note that 
the monkeys were not explicitly trained to discriminate the HiRe and LoRe cues. In the AudCue1 experiment 
(Fig. 1A, Table 1), the HiRe cue consisted of narrow-band noise (bandpass filter centered at 2 kHz, 2 kHz band-
width, 3 Hz sinusoidal amplitude modulation, 90% depth) and the LoRe cue was a simple tone (2 kHz sinusoid, 
8 Hz amplitude modulation). In the AudCue2 experiment, we used a different set of auditory cues: the HiRe cue 
was a high-pitched sinusoidal tone (2 kHz, 8 Hz amplitude modulation) and the LoRe cue was a low-pitched tone 
(200 Hz, 3 Hz amplitude modulation). The HiRe cue was present in 50% of the trials and this cue indicated that a 
large reward (ca. 1 ml) would be delivered immediately after a correct response, whereas the LoRe cue indicated 
that a correct response would result in a small (ca. 0.1 ml) and delayed reward (7 s after the correct response). In 
all trials, either a HiRe or LoRe cue was presented from trial onset until the end of the trial. In HiRe trials, the 
trial terminated if the monkey gave a correct response (after immediate reward delivery) or if the monkey made 
an early response or if it did not respond before the end of the response window. LoRe trials were similar except 
that hit trials (correct response to the auditory go signal) continued until the delayed reward was delivered; this 
also helped to reinforce the association between the LoRe cue and the long delay. Note, however, that the response 
window was always 200–1300 ms from the onset of the go signal irrespective of the trial. The monkeys initiated 
each block of 20 trials by pressing and immediately releasing the lever. Within a block, the next trial started 
200 ms after the completion of the prior trial. Monkeys M1 and M2 responded by pressing the response lever to 
start a block of 20 trials or to respond to stimuli. Monkey 3 used a different motor response contingency: pressing 
the lever to start each trial and releasing the lever to respond to stimuli.

In the VisCue experiment, the auditory reward cues were replaced by visual reward cues, and the auditory go 
signal sound was a 4-kHz sinusoidal tone (duration 400 ms). Also, the visual wait signal (yellow filled circle) was 
replaced by an auditory wait signal (2-kHz tone, 8 Hz amplitude modulation). The VisCue behavioral study was 
conducted to see whether visual cues18,25 could be used to influence performance on an auditory task. The visual 
HiRe and LoRe cues consisted of high and low spatial frequency vertical gratings, respectively (Fig. 1B, Table 1).

In all behavioral experiments, the HiRe and LoRe trials were presented with equal probability in random order 
in runs of 100 trials. In one daily testing session, the monkeys completed 1–7 runs depending on their motivation. 
M1 and M2 testing started with the AudCue1 experiment, followed by the AudCue2 and VisCue experiments. M3 
performed the AudCue experiments in reverse order. In AudCue1, M1 completed 30 runs (100 trials each), M2 
25 runs, and M3 15 runs. In AudCue2, M1 completed 32 runs, M2 14 runs, and M3 15 runs. In VisCue, M1 and 
M2 completed 24 runs each.

Visual cues and visual wait signals were presented in the middle of a computer screen in front of the monkey 
(distance 1 m). All auditory signals were presented from two loudspeakers (Creative Inspire T10, distance 1 m, 
30° to the left and right from the center of the screen; 65 dB SPL). The experiment was controlled using Cortex 
software (Salk Institute).

It is possible that in two of the three monkeys’ previous training history may have influenced their ability to 
pick up this task. Both monkeys (M1 and M2) had participated in our previous fMRI study13 on audio-visual 
attention in which they received extensive in daily sessions over two years on auditory or visual task training, 
while ignoring stimuli in the other modality. The final component of that study was attending to pictures and 
ignoring sound. However, M3 was previously trained only on an auditory task. This prior experience may have 
contributed to M1 and M2 showing stronger effects using visual cues, whereas M3 learnt to more readily use 
auditory cues (see Results).

Analysis of Task Performance. Each trial was classified as a hit (correct response within the response win-
dow), early response (response before the response window), or miss (no response before the end of the response 
window). The mean hit rate (HR), early response rate (ER), miss rate (MR) and hit reaction times (RT) were 
calculated for each run separately for HiRe and LoRe trials. RT was calculated only for hits.

fMRI experiment. The VisCue experiment was chosen for fMRI because it showed much stronger behavioral 
effects than the AudCue paradigms. This paradigm also had the advantage of having the same wait and go signals 
in HiRe and LoRe trials. For fMRI, the VisCue experiment was slightly modified to accommodate fMRI imaging 
timing constraints. Namely, in HiRe hit trials, reward delivery was delayed until after volume acquisition to avoid 
movement effects associated with juice consumption. Further, in hit trials, both the reward cue and auditory 
wait signals were always present until the end of the fMRI volume (5 s from the start of the trial) irrespective of 
whether the trial was a HiRe or LoRe hit trial. Also, if the monkey responded during the auditory wait signal but 
before the response window (early response) or missed the auditory go signal, a red screen was presented, and 
the trial terminated after the completion of the volume acquisition (auditory wait signal continued till the end of 
trial). These modifications were made so that irrespective of trial type (hit, miss or early response trial), the only 
stimulus level difference (before and during the fMRI volume acquisition) between Hire and LoRe trials was in 
the type of visual cue presented. Otherwise, the task, visual cues and auditory go signals were identical to those 
used in the behavior-only VisCue experiment (Fig. 1B, Table 1).

The auditory wait signal was either a low-pitched tone (0.2 kHz sinusoid, 3 Hz amplitude modulation; 50% of 
the runs) or a high-pitched tone (2 kHz sinusoid, 8 Hz amplitude modulation; 50% of the runs), and it was always 
played until the end of the MRI volume acquisition irrespective of the monkey’s behavior.

During fMRI, sounds were presented using MRI-compatible headphones (NordicNeuroLab) at 65 dB SPL 
(measured with an NTI Audio XL2 sound level meter). Visual stimuli were projected to a screen that the monkeys 
could see in a mirror in front of them. Scanner noise was attenuated with the ear cups around the headphones and 
acoustic noise dampening foam used around these (TempurPedic). The fMRI experiment was controlled using 
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Cortex software (Salk Institute). The duration of the fMRI sessions was approximately 4 hours with preparation 
and take down, with the monkeys completing 2–5 runs of 100 trials per fMRI session.

HiRe and LoRe trials were presented with equal probability (40%) in a random order. During the remaining 
20% of trials, no reward cues, nor auditory wait signals were presented but auditory go signals were present (this 
condition served as a baseline condition). The auditory wait signal was always the same within a session (either 
a high pitch sound or low pitch sound). Each monkey (M1, M2) completed 18 fMRI runs (each with 100 trials) 
with low (fMRIlow) and 18 runs with high (fMRIhigh) auditory wait signals. For M1, we first completed data acqui-
sition with fMRIlow followed by fMRIhigh. For M2 this testing order was reversed.

MRI procedures. The monkeys were scanned in a primate dedicated vertical 4.7 T MRI scanner (Brucker 
BioSpin, Etlingen, Germany). During data acquisition, the monkey sat in a scanner specific primate chair. Both 
monkeys (M1, M2) had been slowly acclimated to the scanner environment and having their head immobilized13. 
In each scanning trial, one fMRI volume was acquired 2500 ms after the onset of the auditory wait signals. That is, 
the volume was acquired during the rising edge of the expected peak of the BOLD response to the auditory wait 
signal26 (Fig. 1B, Table 1). In this way, the fMRI volume acquisition was positioned in time to largely capture the 
auditory response to the auditory wait signal, which is identical across all trials in each session.

Functional data were acquired using gradient-recalled echo planar imaging (EPI) sequence (TE 22 ms, volume 
acquisition time 2000 ms, flip angle 90°, matrix 96 × 96, FOV 9.6 × 9.6 cm2, slice thickness 2.0 mm with no gap, 
in-plane resolution 1 × 1 mm2, 20 axial slices covering most of the brain). Two structural scans were acquired in 
each session aligned with the functional volumes, which were used to help to register the functional volumes to 
the higher resolution anatomical image. One of these was a full-head EPI with extra slices. The other image was 
an anatomical volume (MDEFT; TE 6 ms; TR 20 ms; matrix 192 × 192, FOV 9.6 × 9.6 cm2, slice thickness 2.0 mm 
with no gap, in-plane resolution 0.5 × 0.5 mm2, 28 slices), which had higher in-plane resolution. Altogether 7200 
functional volumes were acquired (2 monkeys × 2 to be attended sounds × 18 runs × 100 trials).

fMRI data analysis. Global voxel-wise analysis was performed using FSL (version 5.8; www.fmrib.ox.ac.
uk/fsl) separately for each run. The data were motion corrected, high-pass filtered (cutoff 100 s), and spatially 
smoothed (Gaussian kernel of 1 mm full-width half maximum). A general linear model with six explanatory 
variables (HiRe and LoRe trial; hit, early response or miss) was defined. The model also included four nuisance 
variables: trials after rewarded hit trials (to control for effects related to sensations and movements associated with 
the juice reward), reaction time for early response trials, reaction times for hit trials, and inter-volume interval 
(to model the effects of inter-image variation on the signal magnitude). In addition, 12 motion parameters were 
included in the model. Functional data of each scanning run were co-registered via the intermediate anatomical 
scans to a template monkey brain27 that is in register with a macaque brain atlas in stereotactic coordinates28.

Higher-level analysis was conducted across runs and animals. Using FreeSurfer tools (version 5.3, www.free-
surfer.net), the contrast parameter estimates from the first level analysis were resampled to the cortical surface of 
the template monkey brain27,29 and smoothed on the surface (5 mm FWHM). Analysis across runs and monkeys 
was conducted using two-sided Welch’s v tests in surface space using FSL’s PALM30 (version alpha26; 10 000 
permutations). The runs of one monkey were treated as a permutation and variance group to accommodate het-
eroscedasticity. Correction for multiple comparisons was performed using cluster mass correction (using PALM 
in FSL with a cluster defining threshold Z = 2.6, see13,30 for details) resulting in FWER corrected P values for each 
cluster (i.e., this procedure does not provide corrected P values for each node).

Regions of interest (ROIs) were defined by subdividing the superior temporal gyrus (STG) into 4 segments in 
the anterior-posterior direction, and ROI mean signal magnitudes were computed separately for each ROI and 
hemisphere.

Group level behavioral and RoI analysis. We used linear mixed models in SPSS to analyze the behav-
ioral and ROI data (Figs 2, 4 and 6, Tables 2–4). These models included an intercept for run (each monkey 
had several runs). Reward (HiRe, LoRe) was treated as a repeated measures factor within each run. For each 
separate analysis, the covariance structure with the smallest Akaike Information Criterion was used. Permuted 
Welch’s v tests were used for pair-wise comparisons in Fig. 7. FWER correction was conducted across all pair-wise 
comparisons.

psychophysiological interactions analysis. We conducted a psychophysiological interactions (PPI) 
analysis to investigate which brain regions were functionally interacting with auditory cortex during the present 
task. First-level analysis was conducted using a model with psychological regressor (contrast HiRe > LoRe, hit 
and early response trials), physiological regressor (mean timeseries in bilateral primary auditory cortex, ROIs; 
based on tonotopic measurments during fMRI in at least 3 monkeys), and PPI (interaction between psychological 
and physiological regressors) as explanatory variables. The model also included all the rest of the explanatory 
variables of the original model (see fMRI data analysis). Higher level analysis was conducted in voxel space using 
FSL’s PALM30; version alpha26; 10 000 permutations). Finally, the results were resampled to the cortical surface of 
the template monkey brain for visualization27,29.

Results
Behavioral results in AudCue1, AudCue2 and VisCue experiments. The present Incentivized 
Attention Paradigm (IAP paradigm) is illustrated in Fig. 1. We first looked at the impact of the reward cues on 
performance in this paradigm. Mean performance across each run and animal in the AudCue1 and Audcue2 
experiments is shown in Fig. 2. Note that as the task is not a discrimination nor a categorization task, d’ can-
not be computed here. Hit and miss rates in the current task are, however, comparable or better than those 
reported in previous monkey studies12,13,31. To test whether the reward manipulation (HiRe vs. LoRe) significantly 
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Figure 2. Performance in the AudCue behavioral experiments. Performance in AudCue1(top) and AudCue2 
(bottom). The two leftmost box plots show mean hit rate across each run in the three monkeys for HiRe (blue) 
and LoRe (gray) trials. The other box plots show the early response rate, miss rate and reaction times (RT) 
correspondingly. The scale for RT is on the right side. Note that responses were classified as hit, early response 
or miss (i.e. in each run, HR + ER + MR = 1). Asterisks indicate significant differences between HiRe and LoRe 
trials [i.e. main effect of reward, *P < 0.05, **P < 0.01 and ***P < 0.001; AudCue: linear mixed model with 
factors reward (HiRe, LoRe), monkey (M1, M2, M3) and experiment (Audcue1, Audcue2)]. See results and 
Table 2 for details. The whiskers indicate 1.5 times the interquartile range (IQR) from the first and third quartile. 
The horizontal line inside the box indicates the sample median. Note that the significance values are for the 
repeated measures factor (reward cue), thus, for example, the variation in the difference score between HiRe 
and LoRe RT’s is smaller than one would expect from the box blots.

Figure 3. Performance in the VisCue behavioral experiment. Asterisks indicate significant differences between 
HiRe and LoRe trials [main effect of reward, *P < 0.05, **P < 0.01 and ***P < 0.001; linear mixed model with 
factors reward (HiRe, LoRe) and monkey (M1, M2)]. For details see results and Table 2.
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modulated performance in the AudCue1 and AudCue2 experiments, we used linear mixed models (intercept 
for run) with repeated measures factor reward cue (HiRe, LoRe) and fixed factors of experiment (AudCue1, 
AudCue2) and monkey (M1, M2, M3). Each performance parameter (hit rate HR, miss rate MR, early response 
rate ER, and reaction time RT) was analyzed using separate models. Significant reward cue main effects were 
observed (Table 2), seen as higher HR, lower MR and faster RT in the HiRe than LoRe trials. The linear models 
also revealed significant reward cue × monkey and reward × experiment × monkey interactions indicating that 
the effects associated with the reward cue manipulation were not identical in the two experiments and three mon-
keys. To understand the source of these interactions, we analyzed performance separately in each monkey and 
experiment (linear mixed model, intercept for run, repeated measures factor for reward cue; significant effects 
are listed in Table 2). These analyses showed that one of the monkeys (M3) had high performance for the HiRe 
trials. The other two monkeys showed less robust, but still significant preferences for the HiRe trials. Importantly, 
these analyses verified that each monkey showed significant reward cue effects in AudCue1, AudCue2 or both. 
However, significant differences between HiRe and LoRe trials were not always observed in the same perfor-
mance measures across the monkeys and experiments, which explains the interactions with the monkey factor 
observed in the overall analysis.

Correspondingly, performance in the VisCue experiment (Fig. 3) was analyzed using linear mixed mod-
els with repeated measures factor reward cue (HiRe, LoRe) and fixed factor monkey (M1, M2). These analyses 
showed significant reward cue main effects for HR (F1,46 = 315, P = 3.3 × 10−22; HiRe > LoRe), MR (F1,46 = 144, 
P = 9.1 × 10−16; HiRe < LoRe) and RT (F1,46 = 33, P = 6.9 × 10−7; HiRe < LoRe). In contrast to AudCue1 and 
AudCue2 experiments, no significant reward cue × monkey interactions were observed, thereby there were no 
significant differences in performance between the two monkeys.

Temporal profile of performance. Figure 4 shows the miss rate (MR) based results. This parameter was 
chosen because it showed the most consistent reward-cue effects across monkeys and behavioral experiments. In 
the AudCue experiments (top), the difference between HiRe and LoRe trials emerged within the first 15 testing 
runs consisting of 100 trials each. Note that the results are shown either for the AudCue1 or AudCue2 experiment 
depending on which one was performed first (M1 and M2 started with AudCue1, M3 started with AudCue2). 
In M1, lower MR in HiRe than LoRe trials is observed from the 10th run onward (after ~1000 trials). M2 showed 
consistently better performance (i.e., lower MR) already during the first few runs (after a few hundred trials), but 
the difference between HiRe and LoRe in this monkey, although seen on some runs with the auditory cues, was 
not systematically observed in all runs. M3 learned the difference between HiRe and LoRe cues already during the 
first run (first hundred trials). Note that in M1 and M3 the reward cue effects on MR were observed consistently 
after 100 (M3) or 1000 (M1) trials. In the VisCue experiment (bottom), the two monkeys that were tested on this 
experiment (M1 and M2) both showed a distinct difference between the HiRe and LoRe trials already during the 
first run. This faster learning of the visual cues could relate to the fact that the VisCue experiment was conducted 
after the auditory cue experiments.

fMRI experiment: Behavioral results. Because the VisCue experiment showed stronger effects than the 
AudCue experiments, the VisCue paradigm was chosen for fMRI. Similar to the VisCue experiment conducted 
outside the scanner, performance during fMRI (Fig. 5) was better in the HiRe than LoRe trials. However, in con-
trast to the behavioral experiments, there were more early responses during HiRe than LoRe trials during fMRI 
with the ER measure showing a significant effect. Interestingly, this effect is opposite to that found in previous 
studies using similar reward incentive paradigms in monkeys where the monkeys maximized their reward by 
increasing their ER rates for LoRe trials15,18,25. This was probably, at least partly, because during fMRI the trials 

Figure 4. Temporal profile of the reward related performance effects. Dashed lines indicate the end of a daily 
session. Miss rate (MR) during the first 15 runs separately for each monkey with (top) auditory cues (M1, M2: 
AudCue1; M3: AudCue2) and (bottom) visual cues (see text for details). Error-bars indicate SEM.
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were continued until the volume acquisition had completed (Fig. 1B). Thus, in the scanner, it was not possible for 
the monkeys to stop a LoRe trial with an early response. This constraint on the task timing during fMRI resulted 
in very low ER and high MR in LoRe trials. The relatively higher ER during the HiRe trials, in turn, might relate 
to the monkeys being impatient to receive the large juice reward. Note, that to maximize reward, the best strategy 
for the monkeys would have been to give more early responses for LoRe trials. However, instead we see that the 
monkeys gave more early responses for HiRe trials, thus they were not working to maximize reward in the same 
manner as seen in previous studies15,18,25.

As in the analysis of performance data in the behavioral experiments (above section), we tested the reward 
cue effects using linear mixed models with repeated measures factor reward cue (HiRe, LoRe), and fixed factors 
auditory wait signal (low, high) and monkey (M1, M2). The results are summarized in Table 3. The performance 
during the trials without cues (20% of the trials) is depicted as light gray in Fig. 5. Note that all behavioral param-
eters showed a significant main effect of reward cue. The analyses also revealed significant monkey × reward cue 
interactions for HR, ER, and MR suggesting that the monkeys performed the task using slightly different task 
strategies: M1 had a higher ER for HiRe trials than M2. Importantly, there were clear effects for both monkeys 
with HR and MR (Table 3).

fMRI results. We hypothesized that due to the reward cue manipulation the monkeys would focus more 
strongly on the auditory wait signal during HiRe than LoRe trials and that this would result in higher fMRI 
activation in auditory cortex during HiRe than LoRe trials. To test for activation differences between HiRe and 
LoRe trials, we first analyzed activation in the 19 (out of 72) runs that contained all HiRe and LoRe trial types 
(i.e., hit, early response and miss trials). A run that e.g. did not contain any HiRe miss trials was excluded from 
this analysis. Supporting our initial hypotheses, contrasts between HiRe and LoRe trials in these runs showed 
enhanced activation in HiRe trials throughout broad STG regions bilaterally. Higher activation during HiRe than 
LoRe trials was also observed in right opercular cortex and in left extrastriate occipital regions (Fig. 6). No regions 
showed higher activation during LoRe than HiRe trials.

Significant effects Df F P

Reward cue (HiRe, LoRe) × Experiment (AudCue1, AudCue2) × Monkey (M1, M2, M3)

HR

Reward cue 1,64 125 0.00002

Reward cue × Monkey 2,64 62 1.0 × 10–15

Reward cue × Monkey × Experiment 2,78 7.2 0.001

ER
Reward cue × Monkey 2,114 6 0.003

Reward cue × Monkey × Experiment 2,110 12 0.00002

MR

Reward cue 1,61 162 8.0 × 10–19

Reward cue × Monkey 2,62 54 2.6 × 10−14

Reward cue × Monkey × Experiment 2,73 8.3 0.0006

RT
Reward cue 1,75 42 8.5 × 10−9

Reward cue × Monkey 2,75 21 5.7 × 10−8

M1, AudCue1: Reward cue (HiRe, LoRe)

HR Reward cue (Hire > LoRe) 1,28 14 0.0008

ER Reward cue (Hire > LoRe) 1,28 9.2 0.005

MR Reward cue (Hire < LoRe) 1,28 33 3.6 × 10−6

M2, AudCue1: Reward cue (HiRe, LoRe)

ER Reward cue (Hire > LoRe) 1,24 24 0.00005

MR Reward cue (Hire < LoRe) 1,24 36 3.5 × 10−6

RT Reward cue (Hire < LoRe) 1,24 8.0 0.009

M3, AudCue1: Reward cue (HiRe, LoRe)

HR Reward cue (Hire > LoRe) 1,14 80 3.6 × 10−7

MR Reward cue (Hire < LoRe) 1,14 26 0.00003

RT Reward cue (Hire < LoRe) 1,14 22 0.0003

M2, AudCue2: Reward cue (HiRe, LoRe)

HR Reward cue (Hire > LoRe) 1,13 5.0 0.044

MR Reward cue (Hire < LoRe) 1,13 6.1 0.028

RT Reward cue (Hire < LoRe) 1,13 6.2 0.027

M3, AudCue2: Reward cue (HiRe, LoRe)

HR Reward cue (Hire > LoRe) 1,14 25 0.0002

MR Reward cue (Hire < LoRe) 1,14 26 0.0002

ER Reward cue (Hire < LoRe) 1,14 6.1 0.027

RT Reward cue (Hire < LoRe) 1,14 20 0.0005

Table 2. Performance in AudCue1 and AudCue2.
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We were also interested in the effects of the reward cue manipulation on activations in tonotopically organized 
regions of AC. Therefore, we compared activation in the runs with the high-pitch (fMRIhigh) and low-pitch audi-
tory wait signal (fMRIlow) using separate contrasts and two-way ANOVAs with the factors pitch of auditory wait 
signal (fMRIHigh, fMRILow) and reward cue (HiRe, LoRe). Because of generally weak tonotopic effects with the two 
pitches, these analyses yielded no significant topographic effects related to the tonotopic axis.

fMRI RoI analyses. To understand the source of the reward cue effects on the activations in auditory cor-
tex, we conducted ROI analyses using similar ROIs as in a previous comparative study on audio-visual selective 
attention13. To remove outliers, the central 85% of values were included in each case leaving 15–30 runs for 

Figure 5. Performance during fMRI. Results are illustrated for fMRIHIGH (Top) and in fMRILow (bottom). 
HiRe trials are depicted in blue, LoRe in gray and NoCue in light gray. Asterisks indicate significant differences 
between HiRe and LoRe trials (main effect of reward, *P < 0.05, **P < 0.01 and ***P < 0.001; linear mixed 
model with factors reward (HiRe, LoRe), monkey (M1, M2), and auditory wait signal (fMRIHIGH, fMRILOW)]. 
For details see text and Table 3.

Significant effects Df F P

Reward cue (HiRe, LoRe) × Auditory wait signal (Low, High) × Monkey (M1, M2)

HR
Reward cue 1,48 240 2.6 × 10−20

Reward cue × Monkey 1,48 28 3.0 × 10−7

ER
Reward cue 1,47 47 1.4 × 10−8

Reward cue × Monkey 1,48 21 0.00003

MR
Reward cue 1,75 786 1.7 × 10−41

Reward cue × Monkey 1,75 21 0.00002

RT Reward cue 1,36 23 0.00003

M1: Reward cue (HiRe, LoRe)

HR Reward cue (Hire > LoRe) 1,26 173 5.4 × 10−13

ER Reward cue (Hire > LoRe) 1,23 957 3.0 × 10−20

MR Reward cue (Hire < LoRe) 1,23 137 3.6 × 10−11

M2: Reward cue (HiRe, LoRe)

HR Reward cue (Hire > LoRe) 1,34 1036 4.7 × 10−27

MR Reward cue (Hire < LoRe) 1,23 870 8.8 × 10−20

Table 3. Performance during fMRI.
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Figure 6. Brain areas showing stronger activation during HiRe than LoRe trials. Results are shown on inflated 
cortical surfaces (gyri: light gray; sulci: dark gray). The comparisons (Welch’s v test) were performed in surface 
space across 1st level contrast parameter estimates and permutation inference was used to assess statistical 
significance (red clusters; HiRe vs. baseline and LoRe vs. baseline contrast parameter estimates, the runs of each 
monkey were treated as a permutation and variance group to accommodate heteroscedasticity, initial cluster-
forming Z threshold 2.6, cluster-corrected P < 0.05). Note that the same P-value is attributed to the whole 
cluster in the PALM analysis, so differential P-value responses mapped to the brain should not be expected. 
Abbreviations: D dorsal, V ventral, A anterior, P posterior.

Figure 7. Region-of-interest (ROI) analysis of activation differences between HiRe and LoRe trials in monkey 
STG. The box plots show mean signal magnitudes (two monkeys) in each anatomically-defined STG ROI. To 
remove outliers, the central 85% of values were included in each case leaving 15–30 runs for M1 and 15–30 runs 
for M2, depending on the response measure in question. Asterisks indicate significant pair-wise tests comparing 
signal magnitude between HiRe and LoRe trials in each ROI (permutation-based significance testing using 
Welch’s v tests, two-sided, 10 000 permutations, FWER corrected across all pair-wise comparisons, *P < 0.05, 
**P < 0.01 and ***P < 0.001). Note that each test compared activation across HiRe and LoRe trials with 
identical auditory stimuli and motor responses. The inserts at top show the location of the ROIs. The difference 
between HiRe and LoRe trials was significant only during the hit and early response trials and the effects were 
most consistent in the posterior and middle parts of STG.
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M1 and 15–30 runs for M2, depending on the parameter in question. Figure 7 shows the comparison of mean 
signal magnitude in each ROI during HiRe and LoRe hit, early response and miss trials. This figure also sum-
marizes the results of separate tests comparing signal magnitude between HiRe and LoRe trials in each ROI 
(permutation-based significance testing using Welch’s v tests, two-sided, 10 000 permutations, FWER corrected). 
Note that each test compared activation across HiRe and LoRe trials with identical auditory stimuli and motor 
responses. Significant reward cue differences were observed in hit and early response trials, but not in miss trials.

To investigate whether the reward cue effects show systematic differences across hemispheres, ROIs and the 
two monkeys, the ROI data were submitted to linear mixed models analyses. An omnibus analysis with fac-
tors hemisphere (left, right), ROI (1, 2, 3, 4), performance (hit, early response, miss), reward cue (HiRe, LoRe) 
and monkey (M1, M2), including an intercept for each run, revealed significant main effects for reward cue 
and the following interactions: reward cue × performance, ROI × reward cue × hemisphere, and ROI × reward 
cue × hemisphere × performance (Table 4).

Next, to better understand the bases for these interactions, we analyzed hit, early response and miss trials 
using separate models (i.e., different linear mixed models with the factors hemisphere, ROI, reward, and mon-
key; Table 4). In hit trials, there was a significant reward cue main effect across all ROIs and both hemispheres. 
There was also a three-way ROI × reward cue × hemisphere interaction with reward cue modulation during hit 
trials being stronger in the right posterior ROIs in comparison to the left (1–3, Fig. 7). Early response trials 
also showed an overall significant reward cue main effect. Additionally, a three-way ROI × reward cue × hemi-
sphere interaction was observed because the reward cue effect in the middle ROI (3) was only significant in the 
right hemisphere (Fig. 7). In the miss trials, there was no main effect of reward. However, there were reward 
cue × hemisphere and reward cue × monkey interactions. The reward cue × hemisphere interaction was because 
miss-related activation tended to be higher during LoRe than HiRe trials in the left hemisphere, whereas the 
opposite trend was observed in the right hemisphere. The reward cue × monkey interaction during the misses, 
in turn, was because there were no significant differences between HiRe and LoRe trials for M1, but M2 showed 
higher activation during LoRe than HiRe miss trials (Table 4). The pairwise comparisons between HiRe and LoRe 
miss trials showed no significant effects in any of the ROIs.

In summary, the overall pattern of results is consistent with the hypothesis that reward cues modulate audi-
tory attention within the simple auditory task, which generally caused broad modulation of monkey auditory 
cortex. Notably, unlike the systematic reward related effects for hit and early response trials (Table 4 and Fig. 7), 
no consistent HiRe vs. LoRe differences were observed during miss trials when the monkeys were likely paying 
less attention.

Additional ROI analyses. As there were more HiRe than LoRe hit trials per run, we conducted further 
analyses for the eight auditory cortex ROIs to determine if this imbalance affected the fMRI ROI results. We tested 
whether the mean signal magnitude in each fMRI scanning run in either the HiRe or the LoRe trials correlated 
with the mean HiRe or LoRe HR of that run respectively. This analysis showed no significant correlations in any 
of the ROIs (HiRe: −0.22 < r < 0.018, 72 runs, P > 0.061 in all ROIs; LoRe: −0.127 < r < 0.260, 36 runs, P > 0.125 
in all ROIs). Moreover, non-linearly transforming the HRs (second degree) to look at possible higher order effects 
also did not appear to impact on the fMRI ROI results, yielding nonsignificant results (HiRe: −0.18 < r < 0.06, 
72 runs, P > 0.131 in all ROIs; LoRe: 0.015 < r < 0.158, 36 runs, P > 0.358 in all ROIs). Thus, the amount of hits 
achieved by the monkeys per run does not explain the difference between HiRe and LoRe hit trials shown in Fig. 7.

psycho-physiological interactions. The results of the PPI analysis (Fig. 8) revealed that during the reward 
cue modulation, there was a significant functional interaction (initial cluster forming threshold 2.6, corrected 
P < 0.05) between primary auditory cortex and other cortical regions such as higher level auditory cortex, visual 

Significant effects Df F P

Hemisphere, ROI, Parameter (Hit, Early response, Miss), Reward cue (HiRe, LoRe), Monkey 
(M1, M2)

Reward cue 1,471 8.1 0.005

Reward cue × Parameter 2,527 8.9 0.0002

ROI × Reward cue × Parameter 6,573 2.9 0.009

ROI × Reward cue × Parameter × Hemisphere 6,593 2.6 0.017

Reward cue × Monkey × Parameter 2,110 12 0.00002

Hemisphere, ROI, Reward cue (HiRe, LoRe), Monkey (M1, M2)

Hit
Reward cue 1,80 6.8 0.011

ROI × Reward cue × Hemisphere 3,170 9.2 0.005

Early r.
Reward cue 1,63 4.7 0.034

ROI × Reward cue × Hemisphere 2,165 3.5 0.032

Miss
Reward cue × Hemisphere 1,135 7.0 0.009

Reward cue × Monkey 1,68 8.0 0.020

M2: Reward cue (HiRe, LoRe)

Miss Reward cue 1,35 4.2 0.048

Table 4. Activation differences between HiRe and LoRe trials in STG ROIs.
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cortex, hippocampus, parietal cortex and medial frontal regions. Notably, significant effects were observed also in 
basal forebrain areas associated with dopaminergic (nucleus accumbens) and acetylcholinergic (nucleus basalis, 
thalamic nuclei and basal ganglia) modulatory influences (see Table 5 for a comprehensive list of regions).

Discussion
Remarkably, in the present paradigm (Incentivized Attention Paradigm; IAP), after acquiring the basics of behav-
ioral training and acclimatization (e.g., chair training, responding to sounds with the lever and accepting reward, 
which takes about 2–3 months per monkey), the monkeys showed systematic behavioral effects within a few task 
sessions. By comparison, in previous monkey auditory studies using active listening tasks, training has typically 
required several months or a few years of daily training sessions and many thousands of trials13,32–39.

Monkeys performed a very simple auditory attention-engaging task in which they were required to withhold 
a response during a wait signal and make a response after an auditory go signal in order to receive a juice reward. 
The auditory task required no motor-response selection, abstract task instruction, or other demanding training 
components that are difficult and time consuming on which to train nonhuman animals. Moreover, auditory task 
performance was modulated using the high and low reward incentive cues, which the monkeys readily learned 
to discriminate from each other without specific training. Significantly different performance between HiRe and 
LoRe trials emerged within a few runs of 100 trials in all of the tested conditions. This difference was more pro-
nounced and systematic during the VisCue (where HiRe and LoRe cues consisted of two distinct visual patterns) 
than AudCue (two distinct sounds) conditions.

After visual reward cue onset in the VisCue condition, an auditory wait signal was presented indicating the 
monkeys should withhold the response until an auditory go signal occurred. This was designed to redirect atten-
tion from the visual to the auditory modality to help the monkeys to detect the auditory go signal. As expected, 
we found that activation in auditory cortex timed to the auditory wait signal was higher during HiRe than LoRe 
trials. This effect is not due to auditory stimulation as identical sounds were presented during both types of 
reward trials.

The results also alleviate concerns about potential confounds, such as visual stimulation or motor responses 
contributing to the HiRe-LoRe difference observed in auditory cortex. For instance, although a different visual 
cue was used in the HiRe versus LoRe trials, the activation difference in auditory cortex is not due to visual stim-
ulation. This is evident in the results shown in Fig. 7 in which a significant HiRe vs. LoRe difference is observed 
only during hit and early response trials. The enhanced activation during HiRe hit or early response trials is also 
not due to general task-performance (e.g., motor response) differences because all HiRe vs. LoRe comparisons 
were conducted across trials with similar performance (e.g., hit HiRe vs. hit LoRe trials; see Fig. 7). Furthermore, 
the effect of reaction time differences (in hit and early response trials) was controlled for in the (first-level) anal-
ysis, and we confirmed that non-linear RT effects and the higher number of hits in HiRe than LoRe trials did not 
significantly modulate signal magnitudes in the ROIs. Thereby, the overall findings support the initial hypothesis 

Figure 8. Brain areas showing significant psycho-physiological interactions (PPI) with the primary auditory 
cortex (A1, R and RT). These PPIs were analyzed by calculating the interaction between the difference between 
HiRe and LoRe hit and early response trials and the timeseries of the auditory cortical regions (see Methods). 
The analysis was performed across 1st level contrast parameter estimates using permutation inference (10 000 
permutations, the runs of each monkey were treated as a permutation and variance group to accommodate 
heteroscedasticity, initial cluster-forming Z threshold 2.6, cluster-corrected P < 0.05). The results (red clusters) 
are shown on inflated cortical surfaces (gyri: light gray; sulci: dark gray). We also show three coronal slices 
registered to a macaque standard brain in stereotactic coordinates28. Dashed lines on the lateral surfaces indicate 
the approximate position of the coronal slices in the brain. Abbreviations: D dorsal, V ventral, A anterior, P 
posterior, NB nucleus basalis, NA nucleus accumbens.
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that the reward incentive cues affected monkeys’ motivation to perform the auditory task and that this modulated 
activation in monkey auditory cortex.

As a point of reference, in our previous fMRI study on audio-visual selective attention, monkeys were trained to 
perform a spatial discrimination task attending to stimuli in one sensory modality while ignoring those in the other13. 
In that study despite the extensive training over two years, we found that the monkeys’ frequent attention lapses sig-
nificantly altered the pattern of attention-related activations, complicating cross-species comparisons to humans. In 
the present study, to decrease the amount of training, we relied on incentive cues and used a simple auditory task. 
Comparisons were conducted across trials with focused performance, thus we were able to control for the effects of 
lapses in attention. Interestingly, here we observed that the HiRe hit and early response (but not miss) trials were associ-
ated with enhanced activation in broader stretches of auditory cortex. The present findings are an important indication 
in nonhuman animals that an active auditory task, minimizing the effects of lapses in attention, can broadly modulate 
auditory cortical responses as it is known to do with humans1–3,13,19–21. However, to achieve this required using reward 
incentive cues, which is worth considering further, because it is a crucial facet of the paradigm.

Name Left Right

Cortical regions

Auditory koniocortex, lateral part x

V1 x x

V2 x

V3 x x

V4 x x

V5 x

Parietal area PE x x

Parietal area P0 x

Area PGM x x

Area 23b x x

Superior temporal sulcus x x

Temporal area TE x

Temporal area TH x

Orbital periallocortex x

Hippocampus (including Ca1, Ca2, Ca3 and Ca4) x x

Entorhinal cortex x

Subcortical regions and the Cerebellum

Cerebellum x x

Periaqueductal gray x x

Inferior colliculus x x

Superior colliculus x x

Parasubiculum x

Ventral tegmentum x

Medial geniculate nucleus x

Paraventricular thalamic nucleus x x

Lateral reticular nucleus x x

Lateral dorsal thalamic nucleus x x

Mediodorsal thalamic nucleus x x

Ventral lateral thalamic nucleus x x

Anterior pulvinar x

Lateral pulvinar x

Medial pulvinar x x

Centrolateral thalamic nucleus x x

Nucleus basalis x

Ventral pallidum x x

Nucleus accumbens x

Globus pallidus x x

Caudate nucleus x x

Table 5. Regions showing significant (initial cluster forming threshold Z < 2.6, corrected p < 0.05) psycho-
physiological interactions with the primary auditory cortex. These functional interactions in the identified brain 
areas were assessed alongside the reward related modulations in the auditory cortical regions showing main 
effects (Fig. 6) in relation to the macaque brain atlas in stereotactic coordinates28.
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Is it possible that the modulations in monkey auditory cortex were primarily due to reward expectancy and 
not due to auditory attention? The way the paradigm was designed and the behavioral and fMRI results support 
the notion that both are involved, as we now consider.

Recent studies have shown that monkeys have an extraordinary ability to make reward associations to dis-
parate visual objects and to retain these associations for months40,41. These object reward associations have been 
found to modulate activations in both frontal regions and high-level visual regions41. Previous macaque studies 
have also shown reward expectancy modulations of neuronal responses and fMRI activation in both visual42 and 
auditory cortex43–45. In the present study, the HiRe trials were associated with stronger activity than the LoRe 
trials primarily in broad auditory cortical regions and, as we also show, this involves interaction between auditory 
cortex and sites along both dopaminergic and cholinergic pathways.

It is also known that the systems for motivation and attention are not functionally fully separable or at least 
can interact and jointly influence sensory cortices. Also, dopaminergic46 and acetylcholinergic47–51 neuromodu-
latory systems, implicated in reward processing and attention, affect auditory cortical neuronal processing. One 
could even argue that reward expectancy is an integral component of focused attention52–55 and, in fact, the results 
of most animal studies regarding auditory attention could be seen as reward expectation related modulation of 
sensory processing52,56. Thus, the specific effects of reward or attention are difficult to segregate, at least at the 
level of whole-brain imaging. Moreover, our PPI results indicate that it is likely that both systems affect sensory 
cortex, given that both regions associated with acetylcholinergic (nucleus basalis) and dopaminergic (accumbens) 
modulations interacted with the effects in auditory cortex.

Thereby, inasmuch as only attention-related influences cannot explain the results, our results are also unlikely 
to be explained solely by reward expectancy effects, for the following reasons: First, in the previously mentioned 
studies42–45, reward value and thus reward expectancy effects were directly linked to specific visual or auditory 
stimuli. In contrast, in the present study after the reward cues, identical wait and target sounds were associated 
with either high or low reward and the fMRI volume was timed to these sounds. Second, any reward expec-
tancy effects in the present study should have equally affected auditory cortex activations during the miss trials. 
However, no systematic activation differences between the HiRe and the LoRe trials were observed during miss 
trials, suggesting that the monkeys lost their focus and missed both the auditory wait and go signals. Third, during 
fMRI, the monkeys showed more early responses (resulting in trial termination and no reward) to HiRe rather 
than LoRe trials, wheareas animals working to maximize reward as seen in other studies15 would predict more 
early responses to LoRe trials. Finally, previous human studies using MID paradigms have shown that reward cue 
based paradigms can be effectively used to guide visual attention in humans, having a remarkably similar impact 
on sensory cortical processes as traditional attention tasks57–62. We now show similar effects on sensory cortex for 
the first time in nonhuman animals.

In the present study, the most distinct effects are seen in auditory cortex rather than in prefrontal regions 
implicated in value-based decision making63. Prefrontal areas, such as orbitofrontal  cortex did, however, show 
significant PPI results (Table 5), suggesting that these areas interact with auditory cortex in the current task. The 
lack of strong prefrontal cortex effects in Fig. 6 likely stems from the main whole-brain HiRe vs. LoRe compari-
sons summarizing effects across runs that contain all trial types (i.e., hit, early response and miss trials). Medial 
and orbito-frontal regions become prominent when value-based decisions require analysis of specific aspects 
of reward valuation or outcome64, which was not our main objective here. The use of this task design and fMRI 
volume acquisition paradigm, for the reasons noted in the previous paragraph, may also be why we found positive 
BOLD influences in sensory cortex. Two other studies using manipulations of reward report either decreases in 
auditory cortical neuronal responses as a function of reward expectancy45 or negative BOLD in visual cortex as a 
function of the amount of reward delivered on a previous trial42. However, results obtained using different neuro-
biological measures or in different sensory modalities cannot be directly compared or such comparisons should 
be made with caution pending future direct testing.

The advantage of the IAP paradigm is that systematic auditory behavioral manipulations and significant brain 
modulation can be achieved extremely quickly. Moreover, the results show that the monkeys learned to reverse 
the reward relationship in AudCue1 and AudCue2 within a few trials. Thus, with this task the monkeys quite flex-
ibly reinterpret the behavioral meaning of the cues and stimuli. By comparison, training in traditional paradigms 
often requires 10 s of 1000 s of trials and typically by that point the animals have stereotyped their behavioral 
response patterns (making it difficult to reinterpret cue and stimulus conditions) and the results suffer from regu-
lar lapses of attention12,13. IAP requires the use of reward incentive cues and as such it is not a traditional attention 
paradigm. However, the impact on sensory cortex by incentivized attention is actively being studied. This study 
contributes to these efforts by identifying the functional imaging impact on sensory cortex by reward-driven 
attention and the neuromodulatory sites involved.

The IAP could in the future be further developed and combined with other approaches to more selectively 
manipulate the focus of attention. Namely, the use of incentive cues in the IAP paradigm serves to interest the 
monkeys in the trial if a high immediate reward can be expected. In turn, the auditory wait signal helps to direct 
the general focus of the monkey’s attention to sounds. Within the context of the visual cue paradigm, for example, 
using a mixture of auditory wait signal features associated with specific reward cues might be successful in manip-
ulating the animals’ within-sensory-modality selective attention (e.g., attend to a particular feature of the auditory 
wait signal mixture to receive the high reward). The paradigm could also be hybridized with a more traditional 
paradigm, whereby animal task training is expedited and more quickly leads to testing the animals on cognitive 
tasks that gradually eliminate the reliance on the incentive cues (in weeks rather than months or years). These 
and other further developments to innovate training on cognitive tasks in nonhuman animals could provide 
an important foundation for being able to better translate the insights obtained in animal models to humans to 
advance scientific knowledge on the neural bases for cognition.
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Due to the co-evolution of language and cognition in humans, some have argued that the extent to which 
nonhuman primates can model human auditory cognition remains unclear10,11,32. However, it is possible that 
challenges in training monkeys to maintain motivation and to perform stably on auditory tasks has influenced 
this impression12,13. Our results show that when the task is differentially incentivized and thus becomes more 
relevant for the monkeys, task training can be accomplished in a relatively short amount of time and that, similar 
to humans, active listening results in substantial activation modulations in broad regions of auditory cortex. The 
correspondence between our neuroimaging findings in macaques and related observations in humans altogether 
support the notion that substantial segments of the human auditory neurocognitive system are, at least qualita-
tively, based on evolutionarily conserved functionality.

Data Availability
The data used to generate the figures are shared using the Open Science Framework under Laboratory of Com-
parative Neuropsychology (https://osf.io/arqp8).

References
 1. Alho, K., Rinne, T., Herron, T. J. & Woods, D. L. Stimulus-dependent activations and attention-related modulations in the auditory 

cortex: A meta-analysis of fMRI studies. Hearing Research 307, 29–41, https://doi.org/10.1016/j.heares.2013.08.001 (2014).
 2. Hall, D. A., Hart, H. C. & Johnsrude, I. S. Relationships between human auditory cortical structure and function. Audiology and 

Neurotology 8, 1–18, https://doi.org/10.1159/000067894 (2000).
 3. Woods, D. L. et al. Functional maps of human auditory cortex: effects of acoustic features and attention. PloS one 4, e5183, https://

doi.org/10.1371/journal.pone.0005183 (2009).
 4. Fritz, J. B., Elhilali, M. & Shamma, S. A. Adaptive changes in cortical receptive fields induced by attention to complex sounds. Journal 

of Neurophysiology 98, https://doi.org/10.1152/jn.00552.2007 (2007).
 5. Treue, S. & Maunsell, J. H. R. Effects of attention on the processing of motion in macaque middle temporal and medial superior 

temporal visual cortical areas. Journal of Neuroscience 19, 7591–7602 (1999).
 6. Corbetta, M., Patel, G. & Shulman, G. L. The reorienting system of the human brain: From environment to theory of mind. Neuron 

58, 306–324, https://doi.org/10.1016/j.neuron.2008.04.017 (2008).
 7. Reynolds, J. H. & Heeger, D. J. The Normalization Model of Attention. Neuron 61, 168–185, https://doi.org/10.1016/j.

neuron.2009.01.002 (2009).
 8. Lakatos, P. et al. The spectrotemporal filter mechanism of auditory selective attention. Neuron 77, 750–761 (2013).
 9. Patel, G. H. et al. Functional evolution of new and expanded attention networks in humans (vol 112, pg 9454, 2015). Proceedings of 

the National Academy of Sciences of the United States of America 112, E5377–E5377, https://doi.org/10.1073/pnas.1516559112 
(2015).

 10. Scott, B. H., Mishkin, M. & Yin, P. B. Monkeys have a limited form of short-term memory in audition. Proceedings of the National 
Academy of Sciences of the United States of America 109, 12237–12241, https://doi.org/10.1073/pnas.1209685109 (2012).

 11. Schulze, K., Vargha-Khadem, F. & Mishkin, M. Test of a motor theory of long-term auditory memory. Proceedings of the National 
Academy of Sciences of the United States of America 109, 7121–7125, https://doi.org/10.1073/pnas.1204717109 (2012).

 12. Lakatos, P. et al. Global dynamics of selective attention and its lapses in primary auditory cortex. Nature Neuroscience 19, 1707–1717, 
https://doi.org/10.1038/nn.4386 (2016).

 13. Rinne, T., Muers, R. S., Salo, E., Slater, H. & Petkov, C. I. Functional Imaging of Audio-Visual Selective Attention in Monkeys and 
Humans: How do Lapses in Monkey Performance Affect Cross-Species Correspondences? Cerebral Cortex 36, 1–14, https://doi.
org/10.1093/cercor/bhx092 (2017).

 14. Lutz, K. & Widmer, M. What can the monetary incentive delay task tell us about the neural processing of reward and punishment. 
Neuroscience and Neuroeconomics 3, 33–35 (2014).

 15. Eldridge, M. A. et al. Chemogenetic disconnection of monkey orbitofrontal and rhinal cortex reversibly disrupts reward value. 
Nature neuroscience 19, 37 (2016).

 16. Engelmann, J. B., Damaraju, E., Padmala, S. & Pessoa, L. Combined effects of attention and motivation on visual task performance: 
transient and sustained motivational effects. Frontiers in Human Neuroscience 3, https://doi.org/10.3389/neuro.09.004.2009 (2009).

 17. Krebs, R. M., Boehler, C. N., Egner, T. & Woldorff, M. G. The Neural Underpinnings of How Reward Associations Can Both Guide 
and Misguide Attention. Journal of Neuroscience 31, 9752–9759, https://doi.org/10.1523/jneurosci.0732-11.2011 (2011).

 18. Minamimoto, T., Saunders, R. C. & Richmond, B. J. Monkeys quickly learn and generalize visual categories without lateral prefrontal 
cortex. Neuron 66, 501–507 (2010).

 19. Petkov, C. I. et al. Attentional modulation of human auditory cortex. Nature Neuroscience 7, 658–663, https://doi.org/10.1038/
nn1256 (2004).

 20. Rinne, T. Activations of Human Auditory Cortex During Visual and Auditory Selective Attention Tasks with Varying Difficulty. 
Open Neuroimaging Journal 4, 187–193, https://doi.org/10.2174/1874440001004010187 (2010).

 21. Rinne, T. et al. Modulation of auditory cortex activation by sound presentation rate and attention. Human brain mapping 26, 94–99, 
https://doi.org/10.1002/hbm.20123 (2005).

 22. Baumann, S. et al. Orthogonal representation of sound dimensions in the primate midbrain. Nature Neuroscience 14, 423–425, 
https://doi.org/10.1038/nn.2771 (2011).

 23. Slater, H. et al. Individually customisable non-invasive head immobilisation system for non-human primates with an option for 
voluntary engagement. Journal of Neuroscience Methods 269, 46–60, https://doi.org/10.1016/j.jneumeth.2016.05.009 (2016).

 24. Gray, H. et al. Physiological, Behavioral, and Scientific Impact of Different Fluid Control Protocols in the Rhesus Macaque (Macaca 
mulatta). Eneuro 3, https://doi.org/10.1523/Eneuro.0195-16.2016 (2016).

 25. Minamimoto, T., La Camera, G. & Richmond, B. J. Measuring and Modeling the Interaction Among Reward Size, Delay to Reward, 
and Satiation Level on Motivation in Monkeys. Journal of Neurophysiology 101, 437–447, https://doi.org/10.1152/jn.90959.2008 
(2009).

 26. Baumann, S. et al. Characterisation of the BOLD response time course at different levels of the auditory pathway in non-human 
primates. Neuroimage 50, 1099–1108, https://doi.org/10.1016/j.neuroimage.2009.12.103 (2010).

 27. McLaren, D. G. et al. A population-average MRI-based atlas collection of the rhesus macaque. Neuroimage 45, 52–59, https://doi.
org/10.1016/j.neuroimage.2008.10.058 (2009).

 28. Saleem, K. S. & Logothetis, N. K. A combined MRI and histology atlas of the rhesus monkey brain in stereotaxic coordinates. (Academic 
Press, 2012).

 29. Petkov, C. I. et al. Different forms of effective connectivity in primate frontotemporal pathways. Nature Communications 6, https://
doi.org/10.1038/ncomms7000 (2015).

 30. Winkler, A. M., Ridgway, G. R., Webster, M. A., Smith, S. M. & Nichols, T. E. Permutation inference for the general linear model. 
Neuroimage 92, 381–397, https://doi.org/10.1016/j.neuroimage.2014.01.060 (2014).

https://doi.org/10.1038/s41598-019-38833-y
https://osf.io/arqp8
https://doi.org/10.1016/j.heares.2013.08.001
https://doi.org/10.1159/000067894
https://doi.org/10.1371/journal.pone.0005183
https://doi.org/10.1371/journal.pone.0005183
https://doi.org/10.1152/jn.00552.2007
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1016/j.neuron.2009.01.002
https://doi.org/10.1016/j.neuron.2009.01.002
https://doi.org/10.1073/pnas.1516559112
https://doi.org/10.1073/pnas.1209685109
https://doi.org/10.1073/pnas.1204717109
https://doi.org/10.1038/nn.4386
https://doi.org/10.1093/cercor/bhx092
https://doi.org/10.1093/cercor/bhx092
https://doi.org/10.3389/neuro.09.004.2009
https://doi.org/10.1523/jneurosci.0732-11.2011
https://doi.org/10.1038/nn1256
https://doi.org/10.1038/nn1256
https://doi.org/10.2174/1874440001004010187
https://doi.org/10.1002/hbm.20123
https://doi.org/10.1038/nn.2771
https://doi.org/10.1016/j.jneumeth.2016.05.009
https://doi.org/10.1523/Eneuro.0195-16.2016
https://doi.org/10.1152/jn.90959.2008
https://doi.org/10.1016/j.neuroimage.2009.12.103
https://doi.org/10.1016/j.neuroimage.2008.10.058
https://doi.org/10.1016/j.neuroimage.2008.10.058
https://doi.org/10.1038/ncomms7000
https://doi.org/10.1038/ncomms7000
https://doi.org/10.1016/j.neuroimage.2014.01.060


www.nature.com/scientificreports/

1 6Scientific RepoRts |          (2019) 9:3055  | https://doi.org/10.1038/s41598-019-38833-y

 31. Brosch, M., Selezneva, E. & Scheich, H. Neuronal activity in primate auditory cortex during the performance of audiovisual tasks. 
European Journal of Neuroscience 41, 603–614, https://doi.org/10.1111/ejn.12841 (2015).

 32. Fritz, J., Mishkin, M. & Saunders, R. C. In search of an auditory engram. Proceedings of the National Academy of Sciences of the United 
States of America 102, 9359–9364, https://doi.org/10.1073/pnas.0503998102 (2005).

 33. Selezneva, E., Scheich, H. & Brosch, M. Dual time scales for categorical decision making in auditory cortex. Current Biology 16, 
2428–2433, https://doi.org/10.1016/j.cub.2006.10.027 (2006).

 34. Schwartz, Z. P. & David, S. V. Focal Suppression of Distractor Sounds by Selective Attention in Auditory Cortex. Cerebral Cortex, 
1–17, https://doi.org/10.1093/cercor/bhx288 (2017).

 35. Niwa, M., O’Connor, K. N., Engall, E., Johnson, J. S. & Sutter, M. L. Hierarchical effects of task engagement on amplitude modulation 
encoding in auditory cortex. Journal of Neurophysiology 113, 307–327, https://doi.org/10.1152/jn.00458.2013 (2015).

 36. Downer, J. D., Niwa, M. & Sutter, M. L. Task engagement selectively modulates neural correlations in primary auditory cortex. 
Journal of Neuroscience 35, 7565–7574, https://doi.org/10.1523/JNEUROSCI.4094-14.2015 (2015).

 37. Fritz, J. B., David, S. V., Radtke-Schuller, S., Yin, P. & Shamma, S. A. Adaptive, behaviorally gated, persistent encoding of task-
relevant auditory information in ferret frontal cortex. Nature Neuroscience 13, 1009–1011, https://doi.org/10.1038/nn.2598 (2010).

 38. Christison-Lagay, K. L. & Cohen, Y. E. Behavioral correlates of auditory streaming in rhesus macaques. Hearing Research 309, 17–25, 
https://doi.org/10.1016/j.heares.2013.11.001 (2014).

 39. Bizley, J. K., Walker, K. M., King, A. J. & Schnupp, J. W. Spectral timbre perception in ferrets: discrimination of artificial vowels under 
different listening conditions. Journal of the Acoustical Society of America 133, 365–376, https://doi.org/10.1121/1.4768798 (2013).

 40. Ghazizadeh, A., Hong, S. & Hikosaka, O. Prefrontal Cortex Represents Long-Term Memory of Object Values for Months. Current 
Biology 28, 2206- + , https://doi.org/10.1016/j.cub.2018.05.017 (2018).

 41. Ghazizadeh, A., Griggs, W., Leopold, D. A. & Hikosaka, O. Temporal-prefrontal cortical network for discrimination of valuable 
objects in long-term memory. Proceedings of the National Academy of Sciences of the United States of America 115, E2135–E2144, 
https://doi.org/10.1073/pnas.1707695115 (2018).

 42. Arsenault, J. T., Nelissen, K., Jarraya, B. & Vanduffel, W. Dopaminergic Reward Signals Selectively Decrease fMRI Activity in Primate 
Visual Cortex. Neuron 77, 1174–1186, https://doi.org/10.1016/j.neuron.2013.01.008 (2013).

 43. Scheich, H., Brechmann, A., Brosch, M., Budinger, E. & Ohl, F. W. The cognitive auditory cortex: task-specificity of stimulus 
representations. Hearing Research 229, 213–224, https://doi.org/10.1016/j.heares.2007.01.025 (2007).

 44. Weis, T., Brechmann, A., Puschmann, S. & Thiel, C. M. Feedback that confirms reward expectation triggers auditory cortex activity. 
Journal of Neurophysiology 110, 1860–1868, https://doi.org/10.1152/jn.00128.2013 (2013).

 45. Brosch, M., Selezneva, E. & Scheich, H. Representation of reward feedback in primate auditory cortex. Frontiers in systems 
neuroscience 5, 5, https://doi.org/10.3389/fnsys.2011.00005 (2011).

 46. Weinberger, N. M. Specific long-term memory traces in primary auditory cortex. Nature Reviews Neuroscience 5, 279–290, https://
doi.org/10.1038/nrn1366 (2004).

 47. Kilgard, M. P. & Merzenich, M. M. Cortical map reorganization enabled by nucleus basalis activity. Science 279, 1714–1718, https://
doi.org/10.1126/science.279.5357.1714 (1998).

 48. Chavez, C. & Zaborszky, L. Basal Forebrain Cholinergic-Auditory Cortical Network: Primary Versus Nonprimary Auditory Cortical 
Areas. Cereb Cortex 27, 2335–2347, https://doi.org/10.1093/cercor/bhw091 (2017).

 49. Sarter, M. & Bruno, J. P. Cognitive functions of cortical acetylcholine: toward a unifying hypothesis. Brain Res Brain Res Rev 23, 
28–46 (1997).

 50. Munoz, W. & Rudy, B. Spatiotemporal specificity in cholinergic control of neocortical function. Curr Opin Neurobiol 26, 149–160, 
https://doi.org/10.1016/j.conb.2014.02.015 (2014).

 51. Puckett, A. C., Pandya, P. K., Moucha, R., Dai, W. & Kilgard, M. P. Plasticity in the rat posterior auditory field following nucleus 
basalis stimulation. J Neurophysiol 98, 253–265, https://doi.org/10.1152/jn.01309.2006 (2007).

 52. Maunsell, J. H. R. Neuronal representations of cognitive state: reward or attention? Trends in Cognitive Sciences 8, 261–265, https://
doi.org/10.1016/j.tics.2004.04.003 (2004).

 53. Seitz, A. R. & Dinse, H. R. A common framework for perceptual learning. Current Opinion in Neurobiology 17, 148–153, https://doi.
org/10.1016/j.conb.2007.02.004 (2007).

 54. Seitz, A. & Watanabe, T. A unified model for perceptual learning. Trends in Cognitive Sciences 9, 329–334, https://doi.org/10.1016/j.
tics.2005.05.010 (2005).

 55. Peck, C. J. & Salzman, C. D. The Amygdala and Basal Forebrain as a Pathway for Motivationally Guided Attention. Journal of 
Neuroscience 34, 13757–13767, https://doi.org/10.1523/Jneurosci.2106-14.2014 (2014).

 56. Roelfsema, P. R., van Ooyen, A. & Watanabe, T. Perceptual learning rules based on reinforcers and attention. Trends in Cognitive 
Sciences 14, 64–71, https://doi.org/10.1016/j.tics.2009.11.005 (2010).

 57. Anderson, B. A. Value-driven attentional capture in the auditory domain. Attention Perception & Psychophysics 78, 242–250, https://
doi.org/10.3758/s13414-015-1001-7 (2016).

 58. Chelazzi, L., Perlato, A., Santandrea, E. & Della Libera, C. Rewards teach visual selective attention. Vision Research 85, 58–72, https://
doi.org/10.1016/j.visres.2012.12.005 (2013).

 59. Della Libera, C. & Chelazzi, L. Visual selective attention and the effects of monetary rewards. Psychological Science 17, 222–227, 
https://doi.org/10.1111/j.1467-9280.2006.01689.x (2006).

 60. Engelmann, J. B. & Pessoa, L. Motivation sharpens exogenous spatial attention. Emotion 7, 668–674, https://doi.org/10.1037/1528-
3542.7.3.668 (2007).

 61. Pessoa, L. Multiple influences of reward on perception and attention. Visual Cognition 23, 272–290, https://doi.org/10.1080/135062
85.2014.974729 (2015).

 62. Hopf, J. M. et al. The modulatory impact of reward and attention on global feature selection in human visual cortex. Visual Cognition 
23, 229–248, https://doi.org/10.1080/13506285.2015.1011252 (2015).

 63. Rushworth, M. F., Noonan, M. P., Boorman, E. D., Walton, M. E. & Behrens, T. E. Frontal cortex and reward-guided learning and 
decision-making. Neuron 70, 1054–1069, https://doi.org/10.1016/j.neuron.2011.05.014 (2011).

 64. Chau, B. K. H. et al. Contrasting Roles for Orbitofrontal Cortex and Amygdala in Credit Assignment and Learning in Macaques. 
Neuron 87, 1106–1118, https://doi.org/10.1016/j.neuron.2015.08.018 (2015).

Acknowledgements
This work was supported by the Academy of Finland, the Finnish Cultural foundation, the Alfred Kordelin 
Foundation, the Wellcome Trust (WT092606AIA), the U.K. Biotechnology and Biological Sciences Research 
Council (BB/J009849/1; CIP joint with Quoc Vuong) and the European Research Council (CoG MECHIDENT).

Author Contributions
P.W., T.R. and C.I.P. designed research; P.W. performed research; P.W. analyzed data; P.W., T.R. and C.I.P. wrote 
the paper.

https://doi.org/10.1038/s41598-019-38833-y
https://doi.org/10.1111/ejn.12841
https://doi.org/10.1073/pnas.0503998102
https://doi.org/10.1016/j.cub.2006.10.027
https://doi.org/10.1093/cercor/bhx288
https://doi.org/10.1152/jn.00458.2013
https://doi.org/10.1523/JNEUROSCI.4094-14.2015
https://doi.org/10.1038/nn.2598
https://doi.org/10.1016/j.heares.2013.11.001
https://doi.org/10.1121/1.4768798
https://doi.org/10.1016/j.cub.2018.05.017
https://doi.org/10.1073/pnas.1707695115
https://doi.org/10.1016/j.neuron.2013.01.008
https://doi.org/10.1016/j.heares.2007.01.025
https://doi.org/10.1152/jn.00128.2013
https://doi.org/10.3389/fnsys.2011.00005
https://doi.org/10.1038/nrn1366
https://doi.org/10.1038/nrn1366
https://doi.org/10.1126/science.279.5357.1714
https://doi.org/10.1126/science.279.5357.1714
https://doi.org/10.1093/cercor/bhw091
https://doi.org/10.1016/j.conb.2014.02.015
https://doi.org/10.1152/jn.01309.2006
https://doi.org/10.1016/j.tics.2004.04.003
https://doi.org/10.1016/j.tics.2004.04.003
https://doi.org/10.1016/j.conb.2007.02.004
https://doi.org/10.1016/j.conb.2007.02.004
https://doi.org/10.1016/j.tics.2005.05.010
https://doi.org/10.1016/j.tics.2005.05.010
https://doi.org/10.1523/Jneurosci.2106-14.2014
https://doi.org/10.1016/j.tics.2009.11.005
https://doi.org/10.3758/s13414-015-1001-7
https://doi.org/10.3758/s13414-015-1001-7
https://doi.org/10.1016/j.visres.2012.12.005
https://doi.org/10.1016/j.visres.2012.12.005
https://doi.org/10.1111/j.1467-9280.2006.01689.x
https://doi.org/10.1037/1528-3542.7.3.668
https://doi.org/10.1037/1528-3542.7.3.668
https://doi.org/10.1080/13506285.2014.974729
https://doi.org/10.1080/13506285.2014.974729
https://doi.org/10.1080/13506285.2015.1011252
https://doi.org/10.1016/j.neuron.2011.05.014
https://doi.org/10.1016/j.neuron.2015.08.018


www.nature.com/scientificreports/

17Scientific RepoRts |          (2019) 9:3055  | https://doi.org/10.1038/s41598-019-38833-y

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-38833-y
http://creativecommons.org/licenses/by/4.0/

	Reward cues readily direct monkeys’ auditory performance resulting in broad auditory cortex modulation and interaction with ...
	Materials and Methods
	Macaque procedures. 
	Behavioral experiments (AudCue1, AudCue2 and VisCue). 
	Analysis of Task Performance. 
	fMRI experiment. 
	MRI Procedures. 
	fMRI data analysis. 
	Group level behavioral and ROI analysis. 
	Psychophysiological interactions analysis. 

	Results
	Behavioral results in AudCue1, AudCue2 and VisCue experiments. 
	Temporal profile of performance. 
	fMRI experiment: Behavioral results. 
	fMRI results. 
	fMRI ROI analyses. 
	Additional ROI analyses. 
	Psycho-physiological interactions. 

	Discussion
	Acknowledgements
	Figure 1 Auditory task with high or low reward auditory or visual cues: Incentivized Attention Paradigm (IAP).
	Figure 2 Performance in the AudCue behavioral experiments.
	Figure 3 Performance in the VisCue behavioral experiment.
	Figure 4 Temporal profile of the reward related performance effects.
	Figure 5 Performance during fMRI.
	Figure 6 Brain areas showing stronger activation during HiRe than LoRe trials.
	Figure 7 Region-of-interest (ROI) analysis of activation differences between HiRe and LoRe trials in monkey STG.
	Figure 8 Brain areas showing significant psycho-physiological interactions (PPI) with the primary auditory cortex (A1, R and RT).
	Table 1 Events and timings (hit trials).
	Table 2 Performance in AudCue1 and AudCue2.
	Table 3 Performance during fMRI.
	Table 4 Activation differences between HiRe and LoRe trials in STG ROIs.
	Table 5 Regions showing significant (initial cluster forming threshold Z < 2.




