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            Abstract
Data analysis workflows in many scientific domains have become increasingly complex and flexible. Here we assess the effect of this flexibility on the results of functional magnetic resonance imaging by asking 70 independent teams to analyse the same dataset, testing the same 9 ex-ante hypotheses1. The flexibility of analytical approaches is exemplified by the fact that no two teams chose identical workflows to analyse the data. This flexibility resulted in sizeable variation in the results of hypothesis tests, even for teams whose statistical maps were highly correlated at intermediate stages of the analysis pipeline. Variation in reported results was related to several aspects of analysis methodology. Notably, a meta-analytical approach that aggregated information across teams yielded a significant consensus in activated regions. Furthermore, prediction markets of researchers in the field revealed an overestimation of the likelihood of significant findings, even by researchers with direct knowledge of the dataset2,3,4,5. Our findings show that analytical flexibility can have substantial effects on scientific conclusions, and identify factors that may be related to variability in the analysis of functional magnetic resonance imaging. The results emphasize the importance of validating and sharing complex analysis workflows, and demonstrate the need for performing and reporting multiple analyses of the same data. Potential approaches that could be used to mitigate issues related to analytical variability are discussed.
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                    Fig. 1: Fraction of teams reporting a significant result and prediction market beliefs.[image: ]


Fig. 2: Analytical variability in whole-brain statistical results for hypothesis 1 (and hypothesis 3).[image: ]
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                Data availability


The full fMRI dataset is publicly available on OpenNeuro (https://doi.org/10.18112/openneuro.ds001734.v1.0.4) and is described in detail in a Data Descriptor1. The results reported by all teams are presented in Extended Data Table 2. A table describing the methods used by the analysis teams is available with the analysis code. NeuroVault collections containing the submitted statistical maps are available via the links provided in Extended Data Table 3a. Source data for Figs. 1, 2 are provided with the paper. Readers may obtain access to the data and run the full analysis stream on the team submissions by following the directions at https://github.com/poldrack/narps/tree/master/ImageAnalyses. Access to the raw data requires specifying a URL for the dataset, which is: https://zenodo.org/record/3528329/files/narps_origdata_1.0.tgz. Results (automatically generated figures, results and output logs) for image analyses are available for anonymous download at https://doi.org/10.5281/zenodo.3709275.



Code availability


Code for all analyses of the reports and statistical maps submitted by the analysis teams is openly shared in GitHub (https://github.com/poldrack/narps). Image-analysis code was implemented within a Docker container, with software versions pinned for reproducible execution (https://hub.docker.com/r/poldrack/narps-analysis/tags). Python code was automatically tested for quality using the flake8 static analysis tool and the codacy.com code quality assessment tool, and the results of the image-analysis workflow were validated using simulated data. The image-analysis code was independently reviewed by an expert who was not involved in writing the original code. Prediction market analyses were performed using R v.3.6.1; packages were installed using the checkpoint package, which reproducibly installs all package versions as of a specified date (13 August 2019). Analyses reported in this manuscript were performed using code release v.2.0.3 (https://doi.org/10.5281/zenodo.3709273). Although not required to, several analysis teams publicly shared their analysis code. Extended Data Table 3d includes these teams along with the link to their code.
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Extended data figures and tables

Extended Data Fig. 1 Voxels overlap.
Maps showing at each voxel the proportion of teams (out of n = 65 teams) that reported significant activations in their thresholded statistical map, for each hypothesis (labelled H1–H9), thresholded at 10% (that is, voxels with no colour were significant in fewer than 10% of teams). + or − refers to the direction of effect; gain or loss refers to the effect being tested; and equal indifference (EI) or equal range (ER) refers to the group being examined or compared. Hypotheses 1 and 3, as well as hypotheses 2 and 4, share the same statistical maps as they relate to the same contrast and experimental group but different regions (see Extended Data Table 1). Images can be viewed at https://identifiers.org/neurovault.collection:6047.


Extended Data Fig. 2 Variability of whole-brain unthresholded maps for hypotheses 2 and 4–9.
For each hypothesis, we present a heat map based on Spearman correlations between unthresholded statistical maps (n = 64), clustered according to their similarity, and the average of unthresholded images for each cluster (cluster colours in titles refer to colours in left margin of heat map). Column colours represent hypothesis decisions (green, yes; red, no) reported by the analysis teams; row colours denote cluster membership. Maps are thresholded at an uncorrected value of z > 2 for visualization. Unthresholded maps for hypotheses 2 and 4 are identical (as they both relate to the same contrast and group but different regions), and the colours represent reported results for hypothesis 2. For hypotheses 1 and 3, see Fig. 2.


Extended Data Fig. 3 Variability and consensus of unthresholded statistical maps.
n = 64. a, Maps of estimated between-team variability (tau) at each voxel for each hypothesis. b, Results of the image-based meta-analysis. A consensus analysis was performed on the unthresholded statistical maps to obtain a group statistical map for each hypothesis, accounting for the correlation between teams owing to the same underlying data (see Methods). Maps are presented for each hypothesis, showing voxels (in colour) in which the group statistic was significantly greater than zero after voxelwise correction for FDR (P < 0.05). Colour bar reflects statistical value (z) for the meta-analysis. Hypotheses 1 and 3, as well as hypotheses 2 and 4, share the same unthresholded maps, as they relate to the same contrast and group but different regions (see Extended Data Table 1). Images can be viewed at https://identifiers.org/neurovault.collection:6051.


Extended Data Fig. 4 Results of the consistent thresholding and ROI selection analysis.
n =64. a, Activation for each hypothesis as determined using consistent thresholding (black, P < 0.001 and cluster size (k) > 10 voxels; blue, FDR correction with P < 0.05) and ROI selection across teams (y axis), versus the actual proportion of teams reporting activation (x axis). Numbers next to each symbol represent the hypothesis number for each point. b, Results from re-thresholding of unthresholded maps, using either uncorrected values with the threshold (P < 0.001, k > 10) or FDR correction (PFDR < 5%) and common anatomical ROIs for each hypothesis. A team is recorded as having an activation if one or more significant voxels are found in the ROI. Results for image-based meta-analysis (IBMA) for each hypothesis are presented, also thresholded at PFDR < 5%.


Extended Data Fig. 5 Prediction markets over time.
n = 240 observations (10 days × 24 h). a, Panel regressions. The table summarizes the results of preregistered fixed-effects panel regressions of the absolute errors of the predictions (that is, the absolute deviation of the market price from the fundamental value) on an hourly basis (average price of all transactions within an hour) on time and prediction market indicators. Standard errors were computed using a robust estimator. b, Market prices for each of the nine hypotheses separated for the team members (green) and non-team members (blue) prediction markets. The figure shows the average prices of the prediction market per hour, separated for the two prediction markets, for the time the markets were open (10 days, that is, 240 h). The grey line indicates the actual share of the analysis teams that reported a significant result for the hypothesis (that is, the fundamental value).


Extended Data Table 1 Hypotheses and resultsFull size table
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Extended Data Table 3 Data links and analysis-related tablesFull size table


Extended Data Table 4 Variability of statistical maps across teamsFull size table


Extended Data Table 5 Results of prediction markets and additional dataFull size table
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