A Bayesian Time-Course Model for Functional Magnetic Resonance Imaging Data

Christopher R. Genovese

Functional Magnetic Resonance Imaging (fMRI) is a new technique for studying the workings of the active human brain. During an fMRI experiment, a sequence of Magnetic Resonance images is acquired while a subject performs specific behavioral tasks. Changes in the measured signal can be used to identify and characterize the brain activity resulting from task performance. The data obtained from an fMRI experiment are a realization of a complex spatio-temporal process with many sources of variation, both biological and technological. This paper describes a nonlinear, Bayesian, hierarchical model for fMRI data and presents inferential methods that enable investigators to directly target their scientific questions of interest, many of which are inaccessible to current methods. The paper describes optimization and posterior sampling techniques to fit the model, both of which must be applied many thousands of times for a single data set. The model is used to analyze data from a psychological experiment and test a specific prediction of a cognitive theory.

KEY WORDS: Bayesian Inference; Hierarchical Models; Magnetic Resonance; Functional Neuroimaging.

Christopher R. Genovese is Associate Professor, Department of Statistics, Carnegie Mellon University, Pittsburgh, PA 15213. The author would like to thank Drs. Pat Carpenter, Marcel Just, and Timothy Keller for providing the data used in this paper and Rob Kass, Bill Eddy, and Marsha Lovett for helpful discussions and comments. The author would also like to thank the Associate Editor and an anonymous referee for their valuable comments. This research was supported by NSF Grants DMS 9505007 and the Center for the Neural Basis of Cognition. 1

REFERENCES

Aguirre, G., Zarahn, E., and D’Esposito, M. (1998), “A critique of the use of the Kolmogorov-Smirnov (KS) statistic for the analysis of BOLD fMRI data,” Magnetic Resonance in Medicine, 39, 500–505.

Baddeley, A. (1986), Working Memory, New York: Oxford University Press.

Bandettini, P. A., Jesmanowicz, A., Wong, E. C., and Hyde, J. (1993), “Processing strategies for time-course data sets in functional MRI of the human brain,” Magnetic Resonance in Medicine, 30, 161–173.

Cohen, J., Forman, S., Braver, T., Casey, B., Servan-Schreiber, D., and Noll, D. (1994), “Activation of Prefrontal Cortex in a Non-spatial Working Memory Task with Functional MRI,” Human Brain Mapping, 1, 293– 304.

Cowles, M. K. and Carlin, B. P. (1996), “Markov Chain Monte Carlo Convergence Diagnostics: A Comparative Review,” Journal of the American Statistical Association, 91, 883–904.

de Boor, C. (1978), A Practical Guide to Splines: Springer-Verlag.

DiCiccio, T. J., Kass, R. E., Raftery, A., and Wasserman, L. (1997), “Computing Bayes Factors by Combining Simulation and Asymptotic Approximations,” Journal of the American Statistical Association, 92, 903–915.

Eddy, W. F., Fitzgerald, M., Genovese, C. R., Mockus, A., and Noll, D.

(1996), “Functional image analysis software - computational olio.” in Proceedings in Computational Statistics, ed. A. Prat, volume 12 pp. 39-49, Physica-Verlag, Heidelberg.

Eddy, W. F., Fitzgerald, M., and Noll, D. C. (1996), “Improved image registration using Fourier interpolation,” Magnetic Resonance in Medicine, 36, 923–931.

Forman, S., Cohen, J. C., Fitzgerald, M., Eddy, W., Mintun, M., and Noll, D. C. (1995), “Improved Assessment of Significant Change in Functional Magnetic Resonance fMRI: Use of a Cluster Size Threshold,” Magnetic Resonance in Medicine, 33, 636–647.

Friston, K. J., Frith, C. D., and Frackowiak, R. S. J. (1994), Human Brain Mapping, 1, 69–79.

Friston, K. J., Jezzard, P., and Turner, R. (1994), “Analysis of functional MRI time-series,” Human Brain Mapping, 1, 153–171.

Geman, S. and Geman, D. (1984), “Stochastic relaxation, Gibbs Distributions, and Bayesian restoration of images,” IEEE Transactions on Pattern Analysis and Machine Intelligence, 6, 721–741.

Geman, S. and McClure, D. E. (1987), “Statistical methods for tomographic image reconstruction,” in Proceedings of the 46th Session of the ISI, Bulletin of the ISI, volume 52.

Genovese, C. R., Noll, D. C., and Eddy, W. F. (1997), “Estimating Test- Retest Reliability in fMRI I,” Magnetic Resonance in Medicine, 38, 497–507.

Green, P. J. (1995), “Reversible Jump MCMC Computation and Bayesian Model Determination,” Biometrika, 82, 711–732.

Hastie, T. and Tibshirani, R. (1990), Generalized Additive Models: Chapman and Hall.

Holmes, A. P., Blair, R. C., Watson, J. D., and Ford, I. (1996), “Nonparametric analysis of statistic images from functional mapping experiments,” Journal of Cerebral Blood Flow and Metabolism, 16, 7–22.

Johnson, V. E., Bowsher, J., Jaszczak, R., and Turkington, T. (1995), “Analysis and reconstruction of medical images using prior information,” in Case Studies in Bayesian Statistics, eds. C. Gatsonis, J. S. Hodges, R. E. Kass, and N. D. Singpurwalla, volume 2, Springer-Verlag, pp. 149–218.

Johnson, V. E., Wong, W. H., Hu, X., and Chen, C. T. (1991), “Aspects of image restoration using Gibbs priors: Boundary modeling, treatment of blurring, and selection of hyperparameters,” IEEE Transactions on Pattern Analysis and Machine Intelligence, 13, 412–235.

Just, M., Carpenter, P., Keller, T. A., Eddy, W. F., and Thulborn, K. R.

(1996), “Brain Activation Modulated by Sentence Comprehension,” Science, 274, 114.

Just, M. A. and Carpenter, P. A. (1992), “A capacity theory of comprehension: Individual differences in working memory,” Psychological Review, 99, 122–149.

Lange, N. and Zeger, S. (1997), “Non-linear Fourier Time Series Analysis for Human Brain Mapping by Functional Magnetic Resonance Imaging,” Journal of the Royal Statistical Society C Applied Statistics, 46, 1–29.

Ogawa, S., Tank, D., Menon, D., Ellermann, J., Kim, S., Merkle, H., and Ugurbil, K. (1992), “Intrinsic signal changes accompanying sensory stimulation: Functional brain mapping using MRI,” Proceedings of the National Academy of Sciences, U.S.A., 89, 5951–5955.

Poline, J. B. and Mazoyer, B. (1994), “Cluster analysis in individual functiona brain images: Some new techniques to enhance the sensitivity of activation detection methods,” Human Brain Mapping, 2, 103–111.

Roberts, G. O. and Gelman, A. and Gilks, W. R. (1997), “Weak Convergence and Optimal Scaling of Random Walk Metropolis Algorithms,” Annals of Applied Probability, 7, 110–120.

Schwarz, G. (1978), “Estimating the Dimension of a Model,” Annals of Statistics, 6, 461–464.

Smith, A. F. M. and Roberts, G. O. (1993), “Bayesian Computation via the Gibbs Sampler and Related Markov Chain Monte Carlo Methods,” Journal of the Royal Statistical Society B, 55, 3–23.

Talairach, J. and Tounoux, P. (1988), Coplanar Stereotaxic Atlas of the Juman Brain. Three-dimensional Proportional System: An Approach to Cerebral Imaging: Thieme.

Thulborn, K., Waterton, J., Matthews, P., and Radda, G. (1982), “Oxygenation dependence of the transverse relaxation time of water protons in whole blood at high field,” Biochemical Biophysics Acta, 714, 265– 270.

Tierney, L. (1994), “Markov chains for exploring posterior distributions,” Annals of Statistics, 22, 1701–1727.

Weaver, J. B., Saykin, A. Y., Burr, R. B., Riordan, H., and Maerlender, A.

(1994), “Principal component analysis of functional MRI of memory,” in Proceedings of the Society for Magnetic Resonance, Second Annual Meeting, SMR, pp. 808.

Weisskoff, R. M., Baker, J., Belliveau, J., Davis, T. L., Kwong, K. K., Cohen, M. S., and Rosen, B. R. (1993), “Power spectrum analysis of functionally-weighted MR data: What’s in the noise?” in Proceedings of the Society for Magnetic Resonance in Medicine, Twelfth Annual Meeting, MRM, pp. 7.

Worsley, K., Evans, A., Marrett, S., and Neelin, P. (to appear), “Detecting changes in random fields and applications to medical images,” Journal of the American Statistical Association.

Worsley, K. J. (1995), “Estimating the Number of Peaks in a Random Field Using the Hadwiger Characteristic of Excursion Sets, With Applications to Medical Images,” Annals of Statistics, 23, 640–669.

Worsley, K. J. and Friston, K. (1995), “Analysis of fMRI Time Series Revisited – Again,” NeuroImage, 2, 173–181.