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                                                                5.6. Fully Bayesian approach

                                
                    Figure 5.5.3. GLM fitted on neocortex for different types of regional data.


The regularized MRTM2 gave the least significant result. It can be seen that∆BP
 for some subjects are rather different from the other methods.



5.6. Fully Bayesian approach


The developed model for a fully Bayesian treatment of the data was tried. The
 process withfminsearchwas run for several different starting points, to be able
 to assess the models behavior and robustness against ending up in a local minima.


The different starting points can be seen in table5.6.1. A reasonable starting value
 forβwas chosen as


1


var(c)= 3.36e−9.


A reasonable starting value forα1was chosen to a level that would be equivalent
 to aλof 24e13 in the regularized MRTM2 approach, and a starting value forα2
 was chosen as a value considerably less than this. µ1 andµ2 got starting values
 by averaging the results of a MRTM2 on raw data. The starting points were then
 varied to different degrees, including only estimating onβ,α1andα2.


Table 5.6.1. Starting points for fminsearch


Starting points nr. 1 2 3 4 5


β 3.36e-9 3.36e-9 3.36e-9 1 3.36e-9


α1 1e6 1e6 1e3 1 1e10


α2 1e2 1e2 1e5 1 1e7


µ1 0.09 - 0.09 1 0.09


µ2 0.06 - 0.06 1 0.06


5.6. FULLY BAYESIAN APPROACH


The first, second and third search went fastest with around 300 iterations and took
 around 1 hour to complete. The first search resulted in the lowest cost, although
 not significantly lower than the second and third search, while the last two searches
 resulted in a higher cost. The third and last search took a bit longer than 2 hours to
 complete. The resulting optimized hyperparameters can be seen in table5.6.2.


Table 5.6.2. Resulting optimized hyperparameters and range of estimated BP


Starting points nr. 1 2 3 4 5


β 8.67e-9 8.67e-9 8.67e-9 8.64e-9 4.49e-9


α1 1.30e4 1.30e4 1.30e4 3.02 1.83e10


α2 3.38e-3 1.35e-4 1.40e-7 1.9 3.78e-4


µ1 0.09 - 3.06 0.01 0.01


µ2 0.05 - 1.57 0.16 3.34e-10


min BP 6.49 6.49 6.49 15.74 0.71


max BP -0.58 -0.58 -0.58 -10.64 0.68


Unfortunately, none of the results gave a reasonable regularization of BP. In 
 par-ticular,α2was estimated so low that it did not significantly contribute to the result
 and subsequently didµ1andµ2not contribute significantly either. The varying of
 the starting points also showed the presence of local minima.


The obtained result for the first set of starting points is showed in figure5.6.1, a
 result only slightly more regularized than estimating directly on the raw data.


Figure 5.6.1. Result from fminsearch.



6. Discussion


The pipeline for a surface-based application of MRTM2 proved successful. The
 cortical segmentation enabled the smoothing of the data on the cortical layer and
 thus the structure of cerebral cortex could more accurately be taken into account
 compared to volume-based smoothing that was shown to introduce severe mixing
 of particularly non-cortical signal. However, many areas surrounding cerebral 
 cor-tex were estimated to have negative BP, which is inaccurate. This is probably due
 to the use of a reference region with a very low but still present concentrations of
 serotonin transporters. Also some cortical areas were estimated to have negative
 BP without any segmentation issues involved and with a surface-based smoothing
 of FWHM 5 mm. One investigated area was in the occipital lobe, which does 
 con-tain areas with a low concentration of serotonin transporters. It could be that some
 areas do have a natural occurring signal that is lower than the signal in cerebellum.


This is problematic for the reference tissue approach and could also mean that other
 areas are estimated as lower than they truly are. This might not be a problem when
 equally lowered values are compared to each other, but still shows a significant
 flaw in the reference tissue approach. It also raises a question about how to treat
 negative BP. In this thesis it has been treated as a indicator of the presence of noise
 as they do stand out in the visualization of BP-maps. This treatment might not be
 totally accurate.


A problem with using a surface-based approach is the dependence on a well- 
 seg-mented cortical representation. The FreeSurfer segmentation algorithm did result
 in some segmentation issues in most segmented subjects, even though it is a rather
 robust method. These segmentation errors are both time consuming to correct and
 sometimes hard to find. In this thesis, each segmentation was carefully reviewed
 multiple times by two persons, including a medical doctor with experience of 
 neu-roimaging data, and manually edited where deemed appropriate. Still, some errors
 where not found, even systematic errors like the shown error in isthmus cingulate.


In this thesis, the lengthy editing process did not give any significant results in the
study at hand in the statistical group analysis. However, it did change the outcome
of the clusterwise correction for multiple comparisons due to a small change in 
p-value. This probably says more about the problem with thresholding p-maps than
about the need for manual editing. It should be noted though, that the areas shown
to be most affected by systematic segmentation errors where not part of the 
signifi-cant areas of the statistical group analysis, which means that conclusions about the
need for manual editing are difficult to draw from this study. A paired t-test of the
difference of volume between the edited and non-edited data set did show 
signif-icance in some areas. However, many subjects had large errors in these areas, so
it might be enough to look through the segmentation in search for these fewer and
more easily noticeable large errors. It is of course always recommended to quickly
look through a segmentation for large errors. In general, the FreeSurfer algorithm
does a reasonably good job at segmenting the cortical layer.


The between-brain analysis of FreeSurfer involved some issues. The mapping of
 individual brains to a common space showed some registration issues that seemed
 to have quite significant effects on the outcome of the general linear model and had
 the magnitude to possibly change interpretations of the performed statistical 
 anal-ysis. These registration issues were worse in some particular areas, such as middle
 frontal gyrus, parietal cortex and in the sulcus between occipital cortex and other
 regions. The non-linear procedure of registering highly variable structures of 
 indi-vidual brains to a common space will be bound to have registration issues. Often,
 the registration irregularities are accounted for by smoothing with a rather large
 Gaussian filter, which also was done in this thesis. However, the presented findings
 suggests that such a filtering procedure does not accurately account for these 
 irregu-larities. Another related problem is the correction for multiple comparisons. There
 are many more methods for correcting for multiple comparison, but at least the two
 methods assessed in this thesis did both have their shortcomings, with a lack of
 power contrasted with a lack of detail, and a general problem of thresholding at
 a certain value. The whole procedure of smoothing the data equally in every 
 di-rection to account for the problem with imperfect vertex-by-vertex correspondence
 between individual brain and then performing a test at each vertex independently
 and then correct for the many performed independent tests seems like a problematic
 pipeline. The need of developing a more sophisticated but still efficient procedure
 seems evident.


The developed regularized MRTM2 seems to handle high levels of noise better
 than the pre-smoothed vertexwise MRTM2, while retaining a higher resolution and
 detail, even at high amounts of regularization. It resulted in a higher repeatability
 between scans on a vertex level both at the whole cerebral cortex and at different
 regions of the cortical layer, without lowering the within scan variance. It showed
 better coherence between hemispheres and did not significantly depart from the
 other modeling approaches on a regional level. It did however slightly but 
 consis-tently increase the average BP with increased regularization. One issue that would
 need further attention is the effect on the range of the parametersR1andk2, which
 has not been fully examined in this thesis. Another issue is that it changed some


∆BP values in the general linear model so it resulted in a less significant result. It
 is hard to say what should be the true values, as the regularized MRTM2 treats the
 data in quit a different way. But this could suggest that some bias is introduced in
 the modeling and would need further examination.


The attempt to treat the data with MRTM2 in a fully Bayesian approach with 
 opti-mization of the hyperparameters was not successful. The resulting optimal values
 did not result in an adequate regularization of the BP estimations and the risk of
 getting caught in a local minimum in the optimization procedure was also clearly
 present. However, the final optimization procedure together with the use of 
 LDL-decomposition to solve the determinant of huge matrices present in the cost 
 func-tion was computafunc-tionally rather efficient. Clearly more prior knowledge needs to
 be incorporated into the model. A possible prior knowledge is the bounds on BP.


The presence of too high values and negative values are known to be 
implausi-ble and this knowledge could thus be incorporated into the model. The proimplausi-blem
with that approach is that the binding potential is not directly a part of the model.


However, the bounds on BP can be translated to a relationship between the two
 parameters in the model. As seen in figure6.0.1, a negative BP is equivalent to the
 first parameter being smaller than the second parameter. A BP of above e.g. 10 is
 equivalent to the first parameter being larger than 11 times the second parameter.


These two relationships create a bounded area of appropriate values. A change of
 coordinate system makes it possible to only regularize one parameter which could
 make it easier to incorporate this information into the model.



w
2


w
1

w1 < w2


w1 > 11w2



ν1 ν2


Figure 6.0.1. Bounds related to BP limits and change of coordinate system.


Furthermore, the parameter in the new coordinate system it could be limited by a
 function such as in figure6.0.2.


Figure 6.0.2. Possible way to limit the range.



7. Conclusions and Outlook


The aim of this project was to improve the filtering and modeling of PET data, to
 better handle the high noise level present in such data. It should lessen the artifacts
 of conventional volume-based spatial filtering with a Gaussian kernel. The focus
 was on the cerebral cortex due to its highly-folded and thin structure, which makes
 it particularly unsuited for the conventional approach to filtering.


For this purpose a pipeline for a surface-based approach to the modeling with the
 multilinear reference tissue method MRTM2 was developed. The surface 
 repre-sentation of the cerebral cortex was obtained by the use of the software package
 FreeSurfer. The cortical representation enabled the smoothing of the data on the
 cortical layer and thus the structure of the cerebral cortex could more accurately
 be taken into account in the filtering procedure. In contrast with the conventional
 volume-based approach it proved successful with less edge artifacts. To assess the
 developed models, a baseline-follow-up study was used that images the sertonin
 transporter. Some problems where seen both in the volume-based approach and the
 surface-based approach with the presence of estimations of negative binding 
 po-tential, which is improbable. This is probably due to the reference tissue approach
 with the use of cerebellum as a reference tissue, which does have some 
 concentra-tion of serotonin transporters.


Furthermore, the statistical tools for between-brain analysis of FreeSurfer was 
 eval-uated with the surface-based MRTM2. A group analysis was performed between
 the subjects of the study, with some apparent issues. The mapping of individual
 brains to a common space showed some registration issues that seemed to have
 quite significant effects on the outcome of the statistical group analysis and had the
 magnitude to possibly change interpretations of the performed analysis. These 
 reg-istration issues were worse in some particular areas, such as middle frontal gyrus,
 parietal cortex and in the sulcus between occipital cortex and other regions. 
 Con-ventionally the discontinuity from a brain mapping to common space is accounted
 for by a large Gaussian filter previous to modeling in common space. However,
 the presented findings suggests that such a filtering procedure does not accurately
 account for the registration irregularities. Another related problem is the 
 correc-tion for multiple comparisons. Two methods were assessed with some problems
 observed such as a lack of power for one method contrasted with a lack of details
 for the other method, and a general problem of thresholding at a certain value.


A Bayesian framework was used to directly incorporate the data filtering into the
mathematical model. The model was based on MRTM2 and assumed that close
regions have similar parameters and regularized the data on this assumption. It was
shown to handle high levels of noise better than the vertexwise surface-based 
ap-proach with pre-smoothing, while at the same time retaining high resolution and
detail, even at high amounts of regularization. In addition, it resulted in a higher 


re-7.1. OUTLOOK


peatability on a vertex level between baseline and follow-up scan within a subject,
 both on the whole cerebral cortex and different regions of the cortical layer, without
 lowering the within scan variance. This was measured by the intraclass correlation
 coefficient with absolute consitency ICC(2,1). It showed better coherence between
 hemispheres and did not significantly depart from the other modeling approaches
 on a regional level. It did however slightly but consistently increase the average BP
 with increased regularization. When used on a general linear model of the study in
 the report, it showed less significance than the other methods, including estimation
 on regional averaged TACs and the vetexwise surface-based approach which all
 yielded rather similar significant results. It was not clear why it performed worse,
 if it was due to a higher specificity or just introduced bias.


Futhermore, an attempt was made to treat the data in a fully Bayesian approach
 by further developing the previous model and to including optimization over the
 hyperparameters of the model. The resulting optimal hyperparameters did not 
 re-sult in an adequate regularization of the BP estimations and the risk of getting
 caught in a local minimum in the optimization procedure was also clearly present.


However, the final developed optimization procedure together with the use of 
 LDL-decomposition to solve the determinant of huge matrices present in the cost 
 func-tion was computafunc-tionally rather efficient. Clearly more prior knowledge needs to
 be incorporated into the model.



7.1. Outlook


The regularized MRTM2 using a Bayesian framework showed some nice results
 compared to the surface-based pre-smoothed model. However, it also showed some
 characteristics that could be further examined, e.g. the fact that the average 
 bind-ing potential went slightly up with increased regularization. To be able to use the
 model in a fully Bayesian approach, it needs further development to result in useful
 optimized results, which could include the incorporation of the prior knowledge of
 bounds on the binding potential.


The group analysis that was carried out showed some problems with registration
irregularities when brains were mapped to the common space and issues with the
need of having to correct for multiple comparison. A more sophisticated model for
group analysis could be developed with the Bayesian framework that do not assume
vertex-to-vertex correspondence and that can adapt to different levels of coherence
between the subjects, for example by using the measure of convexity currently used
for mapping between brains in FreeSurfer.
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