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                    Table 4.2.2. Significance of difference in slope for some brain regions.


Region p-value


Neocortex 0.003
 Prefrontal 0.03
 Pallidostriatum 0.21


Midbrain 0.12


The difference in slope between the active group and the placebo group is 
 signif-icant in the whole neocortex and prefrontal cortex, but not in subcortical regions.


Thus, the effect seems to be a cortical phenomenon which motivates a further 
 ex-ploratory analysis of the cortical layer with a surface-based analysis.



4.3. Parametric imaging with FreeSurfer


FreeSurfer is an open-source software package for automatic analysis of the 
 hu-man brain developed by the Athinoula A. Martinos Center for Biomedical Imaging
 at Massachusetts General Hospital. It has been developed especially for taking
 the highly-folded structure of cerebral cortex into account in statistical analysis of
 structural or functional measurements. FreeSurfer version 5.1 for Linux-based 
 op-erating systems was used in this thesis.


FreeSurfer automatically segments the borders of the cortex, the inner boundary
 to white matter and the outer boundary to cerebrospinal fluid, and constructs 
 faces at these borders so statistics can be computed in-between these two 
 sur-faces. The segmentation is done on a T1-weighted MR image. Non-brain tissue
 is first removed in the MR image using a hybrid watershed/surface deformation
 procedure (Segonne et al., 2004) and the image’s intensity is normalized (Sled
 et al.,1998). The boundary between white matter and cortical gray matter is 
 seg-mented and a surface tessellation of this segmentation is performed for each 
 hemi-sphere (Dale et al.,1999). The surface of a hemisphere is inflated by a procedure
 that is driven by the convexity or concavity of the surface. A spring term smooths
 the surface while a second term preserves a desirable amount of the original metric
 properties (Fischl et al., 1999a). Topological defects will be identified by 
 itera-tively mapping the inflated surface to a sphere, where the defects will make the
 mapping non-continuous, and will be corrected by locally retessellating the 
 origi-nal surface (Fischl et al.,2001;Segonne et al.,2007). After topological correction,
 a final inflated surface and a final spherical surface are produced.


The original surface is then deformed following intensity gradients to place the
 outer and inner border at the location where the greatest shift in intensity 
 consti-tutes the optimal change in tissue type (Dale et al.,1999;Fischl and Dale,2000).


This produces the outer and inner surface, that are shown together with the inflated
surface in figure4.3.1. As seen in this figure, the inflated surface can be used for
a better visualization of measurements in deep sulcus structures. The measurement
in the figure in red to green is the measurement of convexity acquired from the
inflation procedure.
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Figure 4.3.1. Important outputs from the cortical surface reconstruction 
 proce-dure: The inner and outer surfaces and the inflated surface.


As the inner, outer, inflated and spherical surfaces all originates from one original
 surface, they will have vertex correspondence. The vertex correspondence of a
 small part of an inner and outer surface is shown in figure4.3.2, in a simplified
 2D setting. For functional measurements, where the functional image has been
 registered to the MR image, the value for a vertex is chosen as the value of the
 voxel coinciding with the middle of the inner-outer vertex pair, i.e. the middle of the
 blue lines in the figure. A vertex value could also be averaged from several voxels
 coinciding with the vertex-pair line. However, regarding segmentation issues and
 varying layer thickness the middle voxel is a good choice.


Oute
 r su


rface


Inner surface


Figure 4.3.2. Vertex correspondence between inner and outer surface. The 
 func-tional data for a vertex is taken from the voxel at the middle of this line.


To perform a vertex- or voxelwise analysis between brains, the individual brains
have to be registered to a common space. This is a difficult procedure due to the
high structural variability between brains. As mentioned before, the highly folded
cortical layer is a particular challenge. This is one of the main issue to motivate the
use of FreeSurfer, where the surface-based representation makes it possible to use
detailed structural information in a mapping procedure. In FreeSurfer, the 
map-ping is done in spherical space, as seen in figure4.3.3. An average subject has
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already been pre-computed in FreeSurfer based on several brains. Each subject of
 the analysis can thus be directly registered to this average subject. The 
 registra-tion procedure uses a measurement of convexity and is performed across multiple
 scales. The measurement of convexity, seen as red to green in the figure, is 
 ob-tained in the inflation procedure. Convexity reflects an average property of an area
 and is therefore less noise-prone than e.g. mean curvature. This also means that
 it emphasizes the consistent folding patterns over more variable patterns. It has
 been shown that this method results in a greater accuracy than e.g. non-linear 
 inter-subject mapping in voxel space to an MNI atlas, as both topological structures and
 sulci patterns of the cortex are specifically taken into account (Fischl et al.,1999b).


Figure 4.3.3. Spherical non-linear registration to common space.


The average subject has also been labeled with the Desikan-Killany Atlas for 
 stan-dard structural regions, such as superior frontal gyrus. These labels can easily be
 back-projected to the space of each subject (Fischl et al.,2004).


Another motivation for using FreeSurfer is the issue of spatially smoothing the
data. As described in section2.3.2, a Gaussian filtering of the data in voxel-space
will result in a mixture of signal between the cerebral cortex and surrounding tissue
with less or no neuronal activity. In addition, a greater level of smoothing might be
desired in a between-brain analysis because the registration of brains to a common
space is often far from perfect. A filter for this purpose typically has a full width at
half maximum (FWHM) of 5 to 10 mm. Because the thickness of the cortical layer
ranges between 1 and 5 mm, it is quite clear that smoothing neighboring voxels
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with a filter of such an extent will result in severe edge artifacts. In FreeSurfer the
 smoothing can instead be done in the direction of the surface, illustrated in figure
 4.3.4. This results in a mixing of only close cortical, which can be assumed to have
 similar amounts of activation. The smoothing process in FreeSurfer is an iterative
 process that yields an approximate FWHM (Hagler et al.,2006).


Figure 4.3.4. 2D illustration of the principle difference in smoothing across 
 vox-els and across a surface.



4.3.1. Boundary-based registration of multimodal data


An algorithm for multimodel co-registration has been developed for FreeSurfer,
 called boundary-based registration (BBR), that make use of the reconstructed 
 sur-faces of the cortical layer. It is used to rigidly transform a volume with functional
 data, such as PET, to the structural MR volume. It initializes the registration 
 pro-cedure by performing a registration in SPM or FSL. In the case of this thesis the
 method of SPM5 is used as initialization. The method of SPM tries to maximize
 the normalized mutual information to make the joint histogram of the two volumes
 as compact as possible. This method usually works well when two intra-subject
 volumes are close from the beginning, but do have a risk of ending up in a local
 minimum if the noise level is high in local regions, the intensity distribution is very
 different between the two volumes or some parts are missing in one volume.


In contrast to the method in SPM, BBR treats the reference and input volume 
dif-ferently and can thus make the whole registration procedure more robust. The input
volume can be of any modality with some tissue contrast, while the reference 
vol-ume is represented by the inner and outer cortical surface. The cortex boundaries
are used because the cortex is highly folded and a good registration to it is assumed
to also result in a good registration of the whole volume. The cost function 
in-volves the local intensity differences within inner-outer vertex pairs. The intensity
of a vertex is computed from the intensities of the input volume’s voxels which
for the moment corresponds to the vertex and a small distance inwards towards the
center of the brain. The optimization of the cost function is either a minimization
or maximization problem, depending on if white matter is lighter or darker than
gray matter in the input volume. The optimization problem is solved by a search
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function and gradient descent in different steps (Greve and Fischl,2009). In the
 case of PET data, a good input volume is the mean volume of the time frames. The
 early and late time frames are excluded as they are more error prone. An example
 of a registered mean PET volume together with the inner cortical surface is shown
 in figure4.3.5.


Figure 4.3.5. FreeSurfer registration.



4.3.2. Group analysis with the general linear model


The general linear model(GLM) is the most commonly used model for testing the
 significance of different hypotheses from a data set. It assumes that the errors
 follow a Gaussian distribution. In FreeSurfer the testing is done independently
 at each single vertex, a univariate test, without including informations from other
 vertices. Information from neighbouring vertices will of course be included in the
 model when the surface has been smoothed. The GLM is defined as


y(s×v)=X(s×p)B(p×v)+U(s×v), (4.14)
 wherey is the dependent variable matrix,X is the design matrix containing 
 in-formation on each subject,Bis the parameter matrix andUcontains the residual
 error.sis the number of subjects,vis the number of vertices andpis the number
 of regression parameters. The number of parameters depend on the independent
 variables: for each combination of levels in categorical variables there will be one
 intercept and one parameter for each continuous variable. E.g. for two categorical
 variables with two levels and two continuous variables, there would be 12 
 parame-ters. The parameters are estimated with


B= (XTX)−1XTy. (4.15)


The residual error is then computed as


U=y−XB. (4.16)
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To measure the significance of different combinations of parameters, a contrast 
 ma-trixC(j×p)is used to compute a F-value


F=


which is used in an F-test to get a p-value. A low p-value means a high significance
 of the parameter combination. If the contrast matrix only contains one row (j= 1),
 thenF =t2wheretis used instead in a two-tailed t-test (Smith,2013).


As described in section4.2.3, the initial results of the study that will be 
 exam-ined in this thesis showed one subject that has a high influence on the result of a
 GLM on the global neocortical region. It can therefore be interesting to see what
 influences it has on a vertex level. One method to measure the influence of one data
 point on a GLM analysis is Cook’s distance (Cook,1977). It measures the effect
 on an estimated parameter when deleting a data point by combining the 
 studen-tized residual distance and leverage into one measurement. Cook’s distance can be
 defined as


Di= r2ihi


p(1−hi)2ˆσ2 (4.18)


whereri is the residual of data pointi,hiis the leverage of data pointi,pis the
 number of parameters of the model andˆσ2is the estimated variance of the fit. The
 leverage is thei:th diagonal elements of the hat matrixX(XTX)−1XT. A Cook’s
 distance greater than 1 is a good indication of a influential data point that can be
 worth looking into. Another proposed value is a Cook’s distance greater than4/n
 wheren is the number of subject, which would equal 0.07 for the sex-hormone
 study.



4.3.3. Correction for multiple comparisons


In a statistical analysis, two types of errors are important: type I and type II errors.


A type I error is when a test shows a statistical significance where there is no true
significance: a false positive. A type II error is the opposite: a false negative. An
often used threshold for p-values is 0.05, which corresponds to a95%confidence
interval. This means that there is a95%chance that the tested condition is 
signifi-cant. In brain imaging it is common to test the statistical significance independently
at each vertex. To use a 0.05 threshold for so many simultaneous tests might result
in a high number of false positives, which inflates the risk of finding significant
areas where there actually are none. Therefore, several different approaches have
been developed to control the probability of false positives. This is referred to as
correcting for multiple comparisons. Early methods, such as Bonferroni correction,
focuses only on the probability of false positives with the result of an increased risk
of false negatives. It is important that the method does not introduce too many false
negatives, as this will reduce the statistical power of the analysis and actual 
signif-icant areas might be overlooked. Two methods for multiple comparisons that have
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 been implemented in FreeSurfer will be assessed in this thesis.


One simple and often used approach is to find a p-value threshold with a procedure
 that controls the false discovery rate (FDR). The false discovery rate is the 
 pro-portion of false positives among the results over a chosen threshold in a data set,
 whether the data set is the whole brain or only a region of the brain. This method
 was introduced to have a better control over the probability of false negatives than
 Bonferroni correction. First, the vertex p-values are ordered from smallest to largest
 as


p(1)≤p(2) ≤ · · · ≤p(V). (4.19)
 The threshold is then chosen to be the p-value with the largestifor which


p(i)≤ i
 V


q


c(V), (4.20)


whereV is the total number of vertices andqis a value from 0 to 1 corresponding
 to the maximum tolerated FDR. It can be set to a conventional value as 0.05, but
 could also be larger in some cases. c(V)is a constant which is chosen 
 depend-ing on assumptions about the distributions of p-values across vertices. A generally
 suitable formula isc(V) = PV


i=11/i. A problem with this approach is that it
 becomes more conservative as correlations between the tests increases (Genovese
 et al.,2002). With the often high amount of smoothing in a between-brains 
 analy-sis, this method might lack the needed statistical power. Nevertheless, it is an often
 used method in these settings as it is easy to implement and understand.


A more advanced approach is the clusterwise correction by Monte Carlo 
simu-lation. This method assumes that significant areas in the brain will be clustered and
focuses on finding sufficiently large and significant clusters in a p-value map. The
output will be a number of clusters with clusterwise p-values. It starts by generating
random maps of the same size as the p-value map and with independent normally
distributed noise. The residual smoothness level of the p-map is estimated and
the simulated maps are smoothed to this level. At each simulation the simulated
map is thresholded to a user-defined p-value threshold and the maximum cluster
size is recorded. After many map generation, a distribution of cluster sizes is 
ob-tained. The original p-map is then thresholded at the same p-value and the size of
the obtained clusters is compared to the distribution, which results in a clusterwise
p-value that is regarded as corrected for multiple comparisons as the distribution
will show how often a cluster of that size can appear by chance. To get a reliable
estimation from the Monte Carlo simulation, several thousand generated maps have
to be produced which can take several hours. In FreeSurfer this process have been
pre-computed for different levels of smoothing and can be transformed to a new
case by the use of z-statistics, so for every new case it is just a matter of looking up
the cluster-sizes and their corresponding p-values in a table (Hagler et al.,2006).
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