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Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Electrophysiological signals were collected by Plexon system (Plexon, Dallas, USA).

Data analysis Custom code written in MATLAB R2012a , and MATLAB R2018b was used for analysis. Functional imaging data are prcoessed with 
Freesurfer and FSL.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Custom code used and datasets generated and/or analysed during the current study are available from the corresponding author upon request.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen in a manner commensurate with similar previous studies.

Data exclusions We recorded single-unit data from every neuron encountered. Only well-isolated units were considered for further analysis; otherwise, every 
neuron was included for analysis. 

Replication Results were replicated across animals for each experiment.

Randomization The stimuli were shown in a random order.

Blinding Investigators were not blinded to experimental groups due to the nature of the experiments. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Five male rhesus macaques (Macaca mulatta) of 5-8 years old were used in this study

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve field-collected samples.

Ethics oversight All procedures conformed to local and US National Institutes of Health guidelines, including the US National Institutes of Health 
Guide for Care and Use of Laboratory Animals. All experiments were performed with the approval of the Caltech Institutional 
Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Magnetic resonance imaging
Experimental design

Design type Block design

Design specifications During the fMRI experiment, stimuli were presented in 24 s blocks at an interstimulus interval of 500 ms

Behavioral performance measures Monkey's eye position was monitored using an infrared eye tracking system (ISCAN). Juice reward was delivered every 
2–4 s if fixation was properly maintained (within a 3.4 degree square window).
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Acquisition

Imaging type(s) Functional and anatomical imaging

Field strength 3 Tesla

Sequence & imaging parameters T1-weighted anatomical volumes  were measured with MP-RAGE sequence( TR 2,300 ms; IR 1,100 ms; TE 3.37 ms; 0.5 
mm isotropic voxels) . EPI volumes were acquired in an AC88 gradient insert (Siemens)  TR was 2000 ms,TE was 17 ms, 
voxels were 1 × 1 × 1 mm with an no gap between slices. Matrix size was (96, 96, 64) (read [x], phase [y], slice [z]), the 
field of view was 96 × 96 mm in-plane. Flip angle was 80°.

Area of acquisition Whole brain 

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Surface reconstruction based on anatomical volumes was performed using FreeSurfer (Massachusetts General Hospital) 
after skull stripping using FSL’s Brain Extraction Tool (University of Oxford). After applying these tools, segmentation was 
further refined manually.Analysis of functional volumes was performed using the FreeSurfer Functional Analysis Stream 
(Massachusetts General Hospital). Volumes were corrected for motion and undistorted based on acquired field map.

Normalization To concatenate different scans, each voxel's responses were percentage transformed with 0 mean value

Normalization template We did not normalize any imaging data into template. All the analysis were done in the single subject's original space.

Noise and artifact removal We remove the  linear or quadratic trends in the timeseries.

Volume censoring Motion noises were removed by putting the motion parameters as the regressors in the GLM analysis.

Statistical modeling & inference

Model type and settings The analysis used only first-level analysis.

Effect(s) tested We ran t-tests between different conditions within each single subject.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

All the analyses were done using voxel-wise inference.

Correction We did not apply any multiple-comparison correction in the fMRI imaging analysis. We set p value at 0.001.

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis


