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Morphometry is the study of the size and shape of the brain and its structures. The brain changes as it 

grows into adulthood, decays with age, and undergoes disease processes. The shape of the brain is 

highly dependent on genetic factors as well. All these properties have made brain morphometry one of 

the most studied modalities in brain imaging. There are several metrics that one can use to test a 

morphometry-related hypothesis such as gray matter volume, white matter volume, cortical thickness, or 

cortical curvature. This talk will describe two techniques for analyzing brain morphometry: voxel-based 

morphometry (VBM) and surface-based analysis (SBA).  

 

Voxel-based Morphometry (VBM).  

 

VBM has been implemented in several different ways (e.g., (1-5); also see reviews by (6,7)). Here we 

describe generally how VBM is implemented. VBM starts by spatially normalizing the T1-weighted 

image of an individual to a group template (see Figure 1) in order to establish voxel-for-voxel 

correspondence across subjects. This is a non-linear registration which allows local areas to stretch and 

compress with respect to each other. This process creates a deformation field which is a map of how far 

each voxel in the input image must move to land at the matching point in the template image. This 

deformation is applied to the input image to create an image that is in voxel-for-voxel registration with 

the template. Note that in the example in Figure 1, the ventricles, which are quite large in the input 

image, have shrunk considerably after the deformation has been applied and so fit those in the group 

template much better. The deformed image is then segmented into tissue classes (gray matter (GM), 

white matter (WM), and cerebrospinal fluid (CSF)) based upon the intensity in the image as well as   

tissue class priors which indicate the likelihood of finding a given tissue class at a given location. The 

segmented images have values that indicate the probability of a given class (i.e., they are not binary). At 

this point the value at each voxel is a concentration, the interpretation of which is discussed below. The 

segmented image is then spatially smoothed. The concentration images from different subjects are then 

combined in a voxel-wise statistical analysis. The statistical map shown in Figure 1 is that of an aging 

study in which the concentration is correlated with age. Blue indicates a negative correlation and red 

indicates a positive correlation. 

 

Modulated VBM: “Modulation” in VBM is an operation where the voxel concentration is scaled based 

on the amount of stretching or compression that was applied to that voxel in the processes of applying 

the deformation field. This is done by computing the jacobian of the deformation field. The jacobian 

map in Figure 1 is red/yellow in places that needed to be compressed and blue in areas that needed to be 

stretched. The value at a voxel in the modulated image is interpreted as the volume of gray matter at that 

location. Studies like the aging study above can be conducted on volume instead of concentration. 
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Figure 1. VBM Processing Stream 
 

 

VBM Interpretation: In VBM, there are two quantities used to measure morphometric properties: 

volume and concentration. Volume is fairly intuitive, but concentration requires some explaining. To 

understand these two concepts, consider a simple study of the effects of gender on total gray matter 

volume in adults. One performs a volume study by collecting an MRI on males and females, counting 

the number of gray matter voxels in the brain, and then comparing the gray matter volume across the 

genders. However, people with bigger bodies tend to have bigger heads and so have bigger brains with 

more gray matter. This creates a confound in that men tend to have bigger bodies than women. 

Alternatively, one could divide the gray matter volume by the volume inside the cranium to account for 

head size. This can be thought of as a “concentration” in that it is the amount of gray matter per unit of 

intracranial volume. This would then be a concentration study. 

 This idea can be taken to a slightly smaller scale. Instead of whole brain gray matter, consider a 

study of the effects of aging on hippocampal volume in adults. Again one would collect MRIs on a 

population and segment hippocampus to compute its volume. Using the volume metric, one would 
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correlate the hippocampal volume with age. One could also perform a concentration study by dividing 

the hippocampal volume by intracranial volume. Alternatively, one could compute another 

concentration metric by segmenting the medial temporal lobe (MTL, the lobe where the hippocampus is 

located) and dividing by the MTL volume. This could be used, for example, in the case where one 

believed that the size of the hippocampus was changing relative to the size of the MTL. In VBM, this 

idea is extended to an even finer scale. The concentration at a voxel is the volume of the gray matter in a 

neighborhood around that voxel divided by the volume of the structures within a larger region around 

that voxel.  The size of the neighborhood and region are dependent upon parameters set during the 

smoothing and spatial normalization processes. 

 

Selected VBM Applications: aging (8), schizophrenia (9), Alzheimer’s disease (10), multiple sclerosis 

(11), semantic dementia (12), autism (13), genetics (14), Huntington’s disease (15), meditation (16). 

 

VBM Software: Statistical Parametric Mapping (SPM, www.fil.ion.ucl.ac.uk/spm) using the VBM 

toolbox (dbm.neuro.uni-jena.de/vbm). FMRIB Software Library (FSL, www.fmrib.ox.ac.uk/fsl). 

 

Surface-based Analysis (SBA): In SBA, one derives morphometric measures from geometric models of 

the cortical surface. There are several implementations of SBA. The one discussed here follows the 

FreeSurfer (surfer.nmr.mgh.harvard.edu) stream  (17,18). Others include Brain Visa (brainvisa.info), 

CARET (brainvis.wustl.edu/wiki/index.php/Main_Page), and Brain Voyager (brainvoyager.com). Like 

VBM, the input to SBA is a high-resolution T1-weighted MRI (Figure 2A). The first step of SBA is the 

extraction of the cortical surface (see Figure 2). Cortex is the outer layer of the brain and has an inherent 

2-dimensional structure. Figure 2B shows a coronal slice displaying two surfaces. The yellow line is the 

surface boundary between cortical white matter and cortical gray matter known as the white surface; this 

represents the inner boundary of cortex. The red line is the boundary between the gray matter and dura 

and/or CSF; this is referred to as the pial surface. The cortex is modeled as a surface model which is a 

mesh of triangles as shown in Figure 2D. Each triangle is known as a face. The place where the corners 

of the triangles meet is called a vertex. The parameters of the model are the coordinates (i.e., the X, Y, 

and Z) at each vertex. These coordinates are determined from the MRI during the extraction process. 

Once the coordinates of each vertex are known, the surface can be rendered as a surface embedded in 

3D as is shown in Figure 2C. There are many manipulations that can be applied to the surface. For 

example, the surface can be inflated as shown in Figure 2E. Inflation is a process of unfolding the 

surface so there is no area hidden behind a fold; it is similar to unfolding a paper bag that had been 

wadded into a ball.  

Knowledge of the coordinates also allows one to compute many morphometric measures. For 

example, the surface area of cortex can be computed by summing up the areas of the triangles. The 

distance between the white and pial surfaces gives a measure of the cortical thickness as shown in 

Figure 2G. Thickness is a direct measure of the amount of gray matter present at each point on the 

surface (Figure 2H). Like VBM’s gray matter concentration, thickness can be used in a group analysis to 

track changes associated with age and disease process. Another metric is curvature, which is a measure 

of how sharply cortex is folded at each point as shown in Figure 2F. In this figure, gyri are green and 

sulci are red. Curvature is a direct measure of the folding pattern of cortex. The surface can be morphed 

into a sphere as shown in Figure 2I. This type of display clearly shows the 2D nature of the surface as 

each vertex can be localized with only two spherical coordinates (longitude and latitude). The curvature 

on the sphere is important for surface-based spatial normalization. 
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Surface-based Spatial Normalization and Group Analysis: as with volume-based analysis, surface-based 

measures need to be aligned across subjects to perform a group analysis. For VBM, this was performed 

by adjusting the 3D volume coordinate of a voxel so as to best match MRI intensity across subjects. For 

SBA, the process is similar except that the 2D spherical coordinate of a vertex is adjusted so as to best 

match the curvature across subjects. Aligning the curvature aligns the folding patterns (i.e., gyri and 

sulci). The motivation for this is that cortical function often follows the folding patterns (19). As with 

VBM, the SBA spatial normalization is non-linear, meaning that parts of the surface may be compressed 

or stretched in order to match the curvature better. Once the spatial normalization has been computed, it 

is applied to the thickness data of each subject to map it into a common group space (something like 

Talairach or MNI space but on the surface) as in Figure 2K. This allows the thickness to be compared 

across subjects at homologous points on cortex. The thickness is then smoothed and fed into a group 

analysis along with the thicknesses from other subjects. Figures 2M, 2N, and 2O show the results of an 

aging analysis using the same data from the VBM study in Figure 1.  

 

Selected SBA Applications: Huntington’s disease (20), schizophrenia (21), multiple sclerosis (22), 

animal phobia (23), meditation (24), genetic influences (25), ADHD (26), Polymicrogyria (27), autism 

(28), aging (29), Alzheimer’s disease (30). 
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Software: FreeSurfer (surfer.nmr.mgh.harvard.edu), Brain Visa (brainvisa.info), CARET 

(brainvis.wustl.edu/wiki/index.php/Main_Page), Brain Voyager (brainvoyager.com). 

 

 

References: 

 

1. Ashburner J, Friston KJ. Voxel-based morphometry--the methods. Neuroimage 

2000;11(6 Pt 1):805-821. 

2. Ashburner J, Friston KJ. Unified segmentation. Neuroimage 2005;26(3):839-851. 

3. Good CD, Johnsrude I, Ashburner J, Henson RN, Friston KJ, Frackowiak RS. 

Cerebral asymmetry and the effects of sex and handedness on brain structure: a 

voxel-based morphometric analysis of 465 normal adult human brains. 

Neuroimage 2001;14(3):685-700. 

4. Douaud G, Smith S, Jenkinson M, Behrens T, Johansen-Berg H, Vickers J, James 

S, Voets N, Watkins K, Matthews PM, James A. Anatomically related grey and 

white matter abnormalities in adolescent-onset schizophrenia. Brain 2007;130(Pt 

9):2375-2386. 

5. Davatzikos C, Genc A, Xu D, Resnick SM. Voxel-based morphometry using the 

RAVENS maps: methods and validation using simulated longitudinal atrophy. 

Neuroimage 2001;14(6):1361-1369. 

6. Whitwell JL. Voxel-based morphometry: an automated technique for assessing 

structural changes in the brain. J Neurosci 2009;29(31):9661-9664. 

7. Mechelli A, Price CJ, Friston KJ, Ashburner J. Voxel-based Morphometry of the 

Human Brain: Methods and Applications. Current Medical Imaging Reviews 

2005. 

8. Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, Frackowiak RS. A 

voxel-based morphometric study of ageing in 465 normal adult human brains. 

Neuroimage 2001;14(1 Pt 1):21-36. 

9. Voets NL, Hough MG, Douaud G, Matthews PM, James A, Winmill L, Webster 

P, Smith S. Evidence for abnormalities of cortical development in adolescent-

onset schizophrenia. Neuroimage 2008;43(4):665-675. 

10. Karas GB, Burton EJ, Rombouts SA, van Schijndel RA, O'Brien JT, Scheltens P, 

McKeith IG, Williams D, Ballard C, Barkhof F. A comprehensive study of gray 

matter loss in patients with Alzheimer's disease using optimized voxel-based 

morphometry. Neuroimage 2003;18(4):895-907. 

11. Prinster A, Quarantelli M, Orefice G, Lanzillo R, Brunetti A, Mollica C, Salvatore 

E, Morra VB, Coppola G, Vacca G, Alfano B, Salvatore M. Grey matter loss in 

relapsing-remitting multiple sclerosis: a voxel-based morphometry study. 

Neuroimage 2006;29(3):859-867. 

12. Rosen HJ, Gorno-Tempini ML, Goldman WP, Perry RJ, Schuff N, Weiner M, 

Feiwell R, Kramer JH, Miller BL. Patterns of brain atrophy in frontotemporal 

dementia and semantic dementia. Neurology 2002;58(2):198-208. 

13. Boddaert N, Chabane N, Gervais H, Good CD, Bourgeois M, Plumet MH, 

Barthelemy C, Mouren MC, Artiges E, Samson Y, Brunelle F, Frackowiak RS, 

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)



Zilbovicius M. Superior temporal sulcus anatomical abnormalities in childhood 

autism: a voxel-based morphometry MRI study. Neuroimage 2004;23(1):364-369. 

14. Shen D, Liu D, Liu H, Clasen L, Giedd J, Davatzikos C. Automated 

morphometric study of brain variation in XXY males. Neuroimage 

2004;23(2):648-653. 

15. Thieben MJ, Duggins AJ, Good CD, Gomes L, Mahant N, Richards F, McCusker 

E, Frackowiak RS. The distribution of structural neuropathology in pre-clinical 

Huntington's disease. Brain 2002;125(Pt 8):1815-1828. 

16. Holzel BK, Ott U, Gard T, Hempel H, Weygandt M, Morgen K, Vaitl D. 

Investigation of mindfulness meditation practitioners with voxel-based 

morphometry. Soc Cogn Affect Neurosci 2008;3(1):55-61. 

17. Dale AM, Fischl B, Sereno MI. Cortical Surface-Based Analysis I:  Segmentation 

and Surface Reconstruction. NeuroImage 1999;9:179-194. 

18. Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. II: Inflation, 

flattening, and a surface-based coordinate system. Neuroimage 1999;9(2):195-

207. 

19. Fischl B, Rajendran N, Busa E, Augustinack J, Hinds O, Yeo BT, Mohlberg H, 

Amunts K, Zilles K. Cortical folding patterns and predicting cytoarchitecture. 

Cereb Cortex 2008;18(8):1973-1980. 

20. Rosas H, Liu A, Hersch S, Glessner M, Ferrante R, Salat D, van der Kouwe A, 

Jenkins B, Dale A, Fischl B. Regional and progressive thinning of the cortical 

ribbon in Huntington's disease. Neurology 2002;58:695-701. 

21. Kuperberg G, Broome M, McGuire P, David A, Eddy M, Ozawa F, Goff D, West 

W, Williams S, van der Kouwe A, Salat D, AM D, Fischl B. Regionally localized 

thinning of the cerebral cortex in schizophrenia. Archives of General Psychiatry 

2003;60:878-888. 

22. Sailer M, Fischl B, Salat D, Tempelmann C, Busa E, Bodammer N, Heinze H-J, 

Dale A. Focal cortical thinning of the cerebral cortex in multiple sclerosis. Brain 

2003;In Press. 

23. Rauch S, Wright C, Martis B, Busa E, McMullin K, Shin L, Dale A, Fischl B. A 

magnetic resonance imaging study of cortical thickness in animal phobia. 

Biological Psychiatry 2004;In Press. 

24. Lazar SW, Kerr CE, Wasserman RH, Gray JR, Greve DN, Treadway MT, 

McGarvey M, Quinn BT, Dusek JA, Benson H, Rauch SL, Moore CI, Fischl B. 

Meditation experience is associated with increased cortical thickness. Neuroreport 

2005;16(17):1893-1897. 

25. Panizzon MS, Fennema-Notestine C, Eyler LT, Jernigan TL, Prom-Wormley E, 

Neale M, Jacobson K, Lyons MJ, Grant MD, Franz CE, Xian H, Tsuang M, 

Fischl B, Seidman L, Dale A, Kremen WS. Distinct genetic influences on cortical 

surface area and cortical thickness. Cereb Cortex 2009;19(11):2728-2735. 

26. Wolosin SM, Richardson ME, Hennessey JG, Denckla MB, Mostofsky SH. 

Abnormal cerebral cortex structure in children with ADHD. Hum Brain Mapp 

2009;30(1):175-184. 

27. Oliveira PP, Jr., Valente KD, Shergill SS, Leite Cda C, Amaro E, Jr. Cortical 

thickness reduction of normal appearing cortex in patients with polymicrogyria. J 

Neuroimaging 2010;20(1):46-52. 

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)



28. Dziobek I, Bahnemann M, Convit A, Heekeren HR. The role of the fusiform-

amygdala system in the pathophysiology of autism. Arch Gen Psychiatry 

2010;67(4):397-405. 

29. Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan RS, Busa E, Morris JC, 

Dale AM, Fischl B. Thinning of the cerebral cortex in aging. Cereb Cortex 

2004;14(7):721-730. 

30. Dickerson B, Goncharova I, Sullivan M, Forchetti C, Wilson R, Bennett D, 

Beckett L, deToledo-Morrell L. MRI-derived entorhinal and hippocampal atrophy 

in incipient and very mild Alzheimer's disease. Neurobiol Aging 2001;22(5):747-

754. 

 

 

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)


