Meta-analysis and information retrieval in functional

neuroimaging

Finn A^∘ rup Nielsen

Informatics and Mathematical Modelling Technical University of Denmark DK-2800 Lyngby, Denmark

Email: fn@imm.dtu.dk WWW: http://www.imm.dtu.dk/~fn/

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

ABSTRACT

Functional neuroimaging databases containing stereotaxic coordinates allow for automated meta-analyses and image-based information retrieval. Based on data from BrainMap and our own small ”Brede” database we describe systems that produce probabilistic anatomical atlases, find ”related volumes” and discover novelty and global patterns using voxelization with adaptive kernel density estimation and by applying ordinary unsupervized techniques such as singular value decomposition, independent component analysis and K-means clustering.

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

OUTLINE

• The data: “Brede” and BrainMap databases. • Modeling “locations”.

• Conditional probability densities

– Anatomical atlas.

– Novelty detection: Conditional outlier detection. – Functional volumes modeling.

• Finding related volumes/experiments

– Novelty of an experiment.

– Singular value decomposition (SVD). – Independent component analysis (ICA). – Left/right asymmetry.

• “Modeling of activation data in the BrainMap database: Detection of outliers”. HBM 15(3):146– 156, 2002 March.

• “Finding related functional neuroimaging volumes”. Submitted to Artificial Intelligence in Medicine, 2002 September.

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

NEUROIMAGING DATABASES

• Functional neuroimaging databases – Raw data-based: fMRIDC, Neurogenerator. – Stereotactic coordinate-based: BrainMap, Brain- Map DBJ, Brede.

– Related: PubMed, CocoMac, . . . • Example: “Brede”

– Main component: Stereotactic coordinates. – Bibliographic information taken from PubMed, – Linked to other databases: PubMed, fMRIDC. – “Poor man’s XML” (pXML)

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

BREDE DATABASE

• Brede data model heavily inspired by BrainMap database (Fox and Lancaster, 1994): Paper (bibliographic information), experiment (summary image, paradigm, stimulus/response), location (stereotactic coordinates).

• Data entry with a Matlab program for the information in “experiments” and “locations”.

• Supplement to BrainMap:

BrainMap Brede Papers 225 40 Experiments 771 134 Locations 7683 882 Year 1985–1998 1997–2003

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

“EXTERNAL” INFLUENCE COMPONENTS

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

“EXTERNAL” COMPONENTS CLOSE UP

Figure 1: “Face recognition” external influence component.

• “External” influence components (e.g., cognitive components) organized in a directed acyclic graph with links to MeSH descriptor data.

• Corner Cube visualization (Rehm et al., 1998). • Clickable graphs generated with dot (Koutsofios and North, 1996).

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

MODELING LOCATIONS AND VOLUMES

Figure 2: “Voxelization”: From peak/local maxima or center of gravity to volume.

• From locations to volume: “Voxelization”. • Regard the “locations” as being generated from a distribution p(x), where x is in 3D Talairach space.

• Kernel methods (N kernels centered on each object:

μ_n) with homogeneous Gaussian kernel in 3D Talairach space x

p̂(x) = 1 N N∑ n (2πσ^2)^{−3/2} exp ( − 1 2σ^2

(x − μ_n)^2 ) (1) σ^2 fixed or optimized with leave-one-out crossvalidation.

• Condition on, e.g., anatomical label, behavioral domain c: p(x|c)

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

ANATOMICAL ATLASES

Figure 3: “Precuneus” web-page with data from BrainMap from a part of the 3935 labeled locations.

• Conditioning on anatomical label p(x|c = precuneus). • Extract word and subphrases from the “Lobar anatomy” field in BrainMap, e.g., “Occipital gyrus” → “occipital gyrus”, “occipital” “gyrus”.

• Web-page for each label with Corner Cube visualization and probabilistic ANALYZE volumes in MNIspace.

• Collaborative atlas.

• Dependent on use and common activation.

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

THE WORD “LOBE”

Figure 4: Probability density estimation of “lobe”. The blue/magenta wireframe model is the second stage probability density estimate at a P_{HPD} = 0.5 threshold, and the orange glyphs are the “lobe” BrainMap locations.

Count Lobar Anatomy 60 inferior parietal lobe 10 superior parietal lobe 6 midline occipital lobe 2 limbic lobe 1 subgyral frontal lobe 1 paracentral parietal lobe 1 medial occipital gyrus/temporal lobe 1 medial frontal lobe

• “Lobe” location is focused in specific areas.

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

NOVELTY DETECTION

Figure 5: Densities from cerebellum locations. Yellow glyphs are the original BrainMap locations. Grey wireframe: Isosurface in the first level probability density estimate. Green surface: Isosurface in the second level.

• Novelty detection: Discover unsual entries. • Condition on anatomical label: p(x|c = cerebellum). • Evaluate each location with respect to its probability densities: its “novelty”.

• Robust estimate of p(x) by excluding the 5% most extreme locations in a two-stage scheme.

• Rank all locations with respect to novelty.

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

“MANUAL” INVESTIGATION OF OUTLIERS

No. BrainMap x y z BrainMap label Comment Reference

1 267, 2, 1 −5 7 540 SMA Millimeter and centimeter for z-coordinate confused during BrainMap entry

(Buckner et al., 1996, table 4, entry 1)

2 29, 10, 8 48 −23 −51 Lateral superior parietal

Resolved: Transcription mistake.

(Corbetta et al., 1993, table 5) 3 141, 1, 10 35 150 28 Dorsolateral prefrontal

Millimeter and centimeter for y-coordinate confused during BrainMap entry

(Kosslyn et al., 1994, table 2, entry 10)

4 249, 1, 59 −31.8 48.1 2.2 Subgyral frontal lobe

Correct S. K. Brannan, 1997, Unpublished 5 280, 1, 9 24 −70 −24 Dorsal parietal cortex

Is labeled “Right cerebellum” in the article

(Schlösser et al., 1998, table 1, entry 9) 6 4, 2, 7 −6 42 −8 Cerebellum — superior anterior

Not possible to find the foci in the article.

(Petersen et al., 1988)

7 280, 1, 7 38 24 −8 Dorsolateral parietal

Is labeled “Right orbitofrontal cortex” in the article

(Schlösser et al., 1998, table 1, entry 7)

8 249,1,29 −2 26 16 Limbic Lobe Correct S. K. Brannan, 1997, Unpublished 9 277, 3, 3 −50 −42 −14 Inferior frontal gyrus, posterior

Is labeled “inferior temporal gyrus posterior (area 37)” in the article

(Owen et al., 1996, table 2, entry 3)

10 115, 2, 5 −38 54 0 Middle temporal gyrus

Not resolved. (Shaywitz et al., 1995, page 155) 11 19,2,17 24 −47 38 Frontal Not resolved (Pardo et al., 1991, Table 1a, entry 17) 12 47,4,1 −36 32 28 Medial frontal lobe

Correct (George et al., 1994)

13 65, 2, 23 57 26 45 Anterior cingulate

Millimeter and centimeter for x-coordinate confused during BrainMap entry.

(O’Sullivan et al., 1994, table 4, entry 10) 14 52, 1, 2 36 −46 36 Inferior frontal gyrus

Probably misunderstanding of the text during entry. The foci is around supramarginal gyrus and the denoted “BA40”.

(Becker et al., 1994, page 287)

15 61, 1, 12 −24 42 4 Temporal/insular Resolved: Transcription mistake.

(Tulving et al., 1994, table 1)

Table 1: BrainMap outliers. The entries are ordered according to novelty. The second column indicates the paper, experiment and location identifier of the BrainMap database. The third to fifth column are x, y and z with the “reported” coordinates from BrainMap (not the corrected “Talairach 1988” coordinates).

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

“FUNCTIONAL VOLUMES MODELING”

Figure 6: Densities from “Vision” and “Audition” behavioral paradigm, e.g.,

p(x|behavior = ”vision”). VRML97 screenshot. Data from BrainMap

• Condition on “behavior”: “Functional volumes modeling” (Fox et al., 1997).

• Kernel density modeling on locations for single word reading (Turkeltaub et al., 2002).

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

FINDING RELATED VOLUMES

Figure 7: Result page with automatically generated corner cube visualization (Corbetta et al., 1993). Two cluster of activations. Data from BrainMap.

• Each experiment a volume: p(x|experiment = 100) sampled on a fixed 8mm grid.

• Location data can be compared to volume data. • Sorted list of similar volumes.

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

IMAGE-BASED INDICES: NOVELTY

Figure 8: The top of the novelty list.

• Novelty for an experiment, here: The normalized inner product with the mean volume, i.e., related to the angle between volume and mean volume.

• Unconditional novelty: Should not be as sensitive as a conditional novelty.

• Highest scoring:

– (Allison et al., 1994): Only EEG study in the database, only x and y coordinates are given.

– (Reiman et al., 1989): Perhaps a muscle “activation”. Correction: (Drevets et al., 1992).

– (Balslev et al., 2002): Perhaps a motion artifact.

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

IMAGE-BASED INDICES: SVD

Figure 9: Both ends of the second eigenimage v_2 from an analysis of data from BrainMap.

• Singular value decomposition of the (experiment × voxel) data matrix: ULV^T = svd(X). Columns of V is called eigenimages.

• Second eigenimage: One end interpreted as sensorimotor(“upper extremity movements”, “thumbfinger opposition”), other end as visual (“Watch virtual reality right hand grasping objects”).

• Higher components have increasing spatial frequency.

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

IMAGE-BASED INDICES: ICA

Figure 10: Both ends of the third to sixth source images s_3, . . . , s_6. Data from Brede.

• Independent component analysis of the X(experiment × voxel) data matrix: AS = ica(X). A is the mixing matrix, S the sources.

• ICA components: hand movement, visuospatial, words/verbs, audition, visual motion.

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

IMAGE-BASED INDICES: ASYMMETRY

Rank Probability Total Left Right Anatomical label 1 0.00171 13 1 12 anterior cerebellum 2 0.00183 44 12 32 vermis 3 0.00195 9 0 9 calcarine sulcus 4 0.00591 20 4 16 calcarine 5 0.00693 38 11 27 cerebellar vermis 6 0.00781 7 0 7 right 7 0.01983 290 127 163 cerebellum 8 0.03125 5 0 5 homologue 9 0.03125 5 0 5 temporal occipital 10 0.03125 5 0 5 broca homologue 11 0.03125 5 0 5 cerebrum 12 0.05923 15 4 11 colliculus

Table 2: Right dominant brain asymmetry.

• “Experiment” left/right asymmetry: Count the number of locations in the left side X

P_{Bin} = X∑ 0 ( N X ) 0.5^N . (2)

Normalize the value to [−1; +1] range a = 1 − 2P_{Bin}. (3) • For anatomical labels the measure will be biased due to correlated entries: an author within a paper tend to use the same labeling scheme.

• Left dominate (-1): ‘motor’, ‘area’, ‘cortex’, . . . , ‘broca s area’.

• Right dominate (+1): ‘anterior cerebellum’,

Finn A^∘ rup Nielsen, IMM, DTU December 6, 2002

CONCLUSION

• Modeling 3D Talairach coordinates with kernel density estimators.

• Visualization with Corner Cube Environments. • Novelty detection, finding related experiments, functional volumes modeling.

• Brede neuroinformatics toolbox: Primarily written in Matlab. Includes the Brede database in XML. http://hendrix.imm.dtu.dk/software/brede/.

• Results available on the Internet from hendrix.imm.dtu.dk more specifically http://hendrix.imm.dtu.dk/services/jerne/.

• Publications available from homepage http://www.imm.dtu.dk/~fn/.

References

Allison, T., McCarthy, G., Nobre, A., Puce, A., and Belger, A. (1994). Human extrastriate visual cortex and the perception of faces, words, numbers, and colors. Cerebral Cortex, 4(5):544–554. PMID: 7833655.

Balslev, D., Nielsen, F. A ∘ ., Frutiger, S. A., Sidtis, J. J., Christiansen, T. B., Svarer, C., Strother, S. C., Rottenberg, D. A., Hansen, L. K., Paulson, O. B., and Law, I. (2002). Cluster analysis of activity-time series in motor learning. Human Brain Mapping, 15(3):135–145. http://www3.interscience.wiley.com/cgi-bin/abstract/89011762/. ISSN 1097- 0193, [ defkat.dk — bibliotek.dk ].

Becker, J. T., Mintun, M. A., Diehl, D. J., Dobkin, J., Martidis, A., Madoff, D. C., and Dekosky, S. T. (1994).

Functional neuroanatomy of verbal free recall: A replication study. Human Brain Mapping, 1(4):284–292. Buckner, R. L., Raichle, M. E., Miezin, F. M., and Petersen, S. E. (1996). Functional anatomic studies of memory retrieval for auditory words and visual pictures. The Journal of Neuroscience, 16(19):6219–6235.

Corbetta, M., Miezin, F. M., Shulman, G. L., and Petersen, S. E. (1993). A PET study of visuospatial attention. The Journal of Neuroscience, 13(3):1202–1226. PMID: 8441008. ISSN 0270-6474, [ defkat.dk — bibliotek.dk ].

Drevets, W. C., Videen, T. O., MacLeod, A. K., Haller, J. W., and Raichle, M. E. (1992). PET images of blood flow changes during anxiety: Correction. Science, 256(5064):1696. PMID: 1609283. A previous functional neuroimaging study found correlation between anxiety and the temporopolar region. This study finds that it is more likely muscle signal from teeth-clenching.

Fox, P. T. and Lancaster, J. L. (1994). Neuroscience on the net. Science, 266(5187):994–996. PMID: 7973682. Fox, P. T., Lancaster, J. L., Parsons, L. M., Xiong, J.-H., and Zamarripa, F. (1997). Functional volumes modeling:

Theory and preliminary assessment. Human Brain Mapping, 5(4):306–311. http://www3.interscience.wiley.com/cgibin/abstract/56435/START.

George, M. S., Ketter, T. A., Parekh, B. A., Gill, D. S., Huggins, T., Marangell, L., Pazaglia, P. J., and Post, R.

(1994). Spatial ability in affective illness: differences in regional brain activation during a spatial matching task (H^{15}_2 O PET). Neuropsychiatry, Neuropsychology, and Behavioral Neurology, 7(3):143–153.

Kosslyn, S. M., Alpert, N. M., Thompson, W. L., Chabris, C. F., Rauch, S. L., and Anderson, A. K. (1994). Identifying objects seen from different viewpoints, a PET investigation. Brain, 117:1055–1071. PMID: 7953588.

Koutsofios, E. and North, S. C. (1996). Drawing graphs with dot. AT&T Bell Laboratories, Murray Hill, New Jersey. O’Sullivan, B. T., Roland, P. E., and Kawashima, R. (1994). A PET study of somatosensory discrimination in man.

Microgeometry versus macrogeometry. European Journal of Neuroscience, 6(1):137–148. PMID: 8130929. Owen, A. M., Milner, B., Petrides, M., and Evans, A. C. (1996). Memory for object features versus memory for object location: A positron-emission tomography study of encoding and retrieval processes. Proceedings of the National Academy of Sciences USA, 93(17):9212–9217. PMID: 8799180.

Pardo, J. V., Raichle, M. E., and Fox, P. T. (1991). Localization of a human system for sustained attention by positron emission tomography. Nature, 349(6304):61–63. PMID: 1985266.

Petersen, S. E., Fox, P. T., Posner, M. I., Mintun, M., and Raichle, M. E. (1988). Positron emission tomographic studies of the cortical anatomy of single-word processing. Nature, 331(6157):585–589. PMID: 3277066.

Rehm, K., Lakshminarayan, K., Frutiger, S. A., Schaper, K. A., Sumners, D. L., Strother, S. C., Anderson, J. R., and Rottenberg, D. A. (1998). A symbolic environment for visualizing activated foci in functional neuroimaging datasets. Medical Image Analysis, 2(3):215–226. PMID: 9873900. http://www.sciencedirect.com/science/article/B6W6Y-45PJY0D-7/1/48196224354fdd62ea8c5a0d85379b07.

Reiman, E. M., Fusselman, M. J., Fox, P. T., and Raichle, M. E. (1989). Neuroanatomical correlates of anticipatory anxiety. Science, 243(4894 Part 1):1071–1074. PMID: 2784226.

Schlösser, R., Hutchinson, M., Joseffer, S., Rusinek, H., Saarimaki, A., Stevenson, J., Dewey, S. L., and Brodie, J. D. (1998). Functional magnetic resonance imaging of human brain activity in a verbal fluency task. Journal of Neurology, Neurosurgery, and Psychiatry, 64(4):492–495. PMID: 9576541. http://jnnp.bmjjournals.com/cgi/content/full/64/4/492.

Shaywitz, B. A., Pugh, K. R., Constable, R. T., Shaywitz, S. E., Bronen, R. A., Fulbright, R. K., Shankweiler, D. P., Katz, L., Fletcher, J. M., Skudlarski, P., and Gore, J. C. (1995). Localization of semantic processing using functional magnetic resonance imaging. Human Brain Mapping, 2:149–158.

Tulving, E., Kapur, S., Markowitsch, H. J., Craik, F. I. M., Habib, R., and Houle, S. (1994). Neuroanatomical correlates of retrieval in episodic memory: Auditory sentence recognition. Proceedings of the National Academy of Sciences of the USA, 91:2012–2015. 20

Turkeltaub, P. E., Eden, G. F., Jones, K. M., and Zeffiro, T. A. (2002). Meta-analysis of the functional neuroanatomy of single-word reading: method and validation. NeuroImage, 16(3 part 1):765–780. PMID: 12169260. http://www.idealibrary.com/retrieve/doi/10.1006/nimg.2002.1131.