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Abstract

Spatial normalization is the process of standardizing images of different subjects into the same
anatomical space. The goal of this work was to assess standard and unified methods in SPM5 for
the normalization of structural magnetic resonance imaging (MRI) data acquired in mid-life/
elderly subjects with diabetes. In this work, we examined the impact of different parameters (i.e.
nonlinear frequency cutoff, nonlinear regularization and nonlinear iterations) on the normalization,
in terms of the residual variability. Total entropy was used to assess the residual anatomical
variability after spatial normalization in a sample of 14 healthy mid-life/elderly control subjects
and 24 mid-life/elderly subjects with type 2 diabetes. Spatial normalization was performed using
default settings and by varying a single parameter or a combination of parameters. Descriptive
statistics and nonparametric tests were used to examine differences in total entropy. Statistical
parametric mapping analyses were performed to evaluate the influence of parameter settings on
the spatial normalization. Total entropy results and SPM analyses suggest that the best parameters
for the spatial normalization of mid-life/elderly image data to the MNI template, when applying
the standard approach, correspond to the default cutoff (25 mm), heavy regularization, and the
default number of nonlinear iterations (16). On the other hand, when applying the unified
approach, the default parameters were the best for spatial normalization of mid-life/elderly image
data to the MNI priors. These findings are relevant for studies of structural brain alterations that
may occur in normal aging, chronic medical conditions, neuropsychiatric disorders, and
neurodegenerative disorders.
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Introduction

Magnetic resonance (MR) imaging is a technique that is widely used to generate images of
brain structure and/or function. One way of analyzing imaging data consists of comparing
brain images between subjects on a voxel-wise basis. These comparisons require that all
brain structures occupy the same standard anatomical space in a consistent manner. To
achieve this, an image-processing step known as spatial normalization is applied. This step
is required to ensure that homologous regions in the brain are comparable across subjects
before performing subsequent analyses.

Several techniques are available to perform spatial normalization. The most widely used
normalization software in the research literature is Statistical Parametric Mapping (SPM).
Most researchers choose to use the default parameter settings for spatial normalization in
SPM when conducting their studies. An advantage of using the default parameters is that
brain images can be compared across different studies. On the other hand, a disadvantage is
that the default parameter set might not be the best choice for spatial normalization of
images-of-interest to a standard space.

Several studies (e.g. Meyer et al., 1999; Sugiura, et al., 1999; Crivello et al., 2002; Gispert et
al., 2003; Hellier et al., 2003; Robbins et al., 2004; Hosaka et al., 2005; Wu et al., 2006,
Crinion et al., 2007) have compared and assessed different spatial normalization procedures.
In addition, the precision of the spatial normalization in SPM has been assessed in terms of
anatomical landmarks (Crinion et al., 2007; Salmond et al., 2002). Nearly all previous
studies have focused on healthy and young subjects as opposed to diseased and elderly
subjects, with the exception of Salmond et al. (2002) and Gispert et al. (2003), who
respectively focused on bilateral hippocampal atrophy patients and schizophrenic patients.
Crinion et al. (2007) also examined simulated brain lesions.

Spatial normalization involves applying a spatial transformation that moves and warps
images into the same standard anatomical space defined by a template. The objective of
normalization is to remove, to some extent, anatomical variability between the subjects’
images to allow subsequent analysis of the data. Spatial normalization is a critical step in the
analysis of brain imaging data since it produces the “raw” data for the subsequent analyses.
Therefore, it is important to study and understand how spatial normalization in SPM works
under different conditions and parameter settings.

The purpose of this comparative study was to assess how changes in parameter settings in
SPM affect the performance of spatial normalization, by examining the residual variability
of normalized image data across three groups of mid-life/elderly subjects who were healthy
controls, non-depressed diabetics and depressed diabetics. Structural brain alterations, such
as brain atrophy and changes in ventricle size, were expected to occur to a greater extent for
these subjects than for younger subjects. In particular, we were interested in how the
nonlinear frequency cutoff, the nonlinear regularization and the number of nonlinear
iterations, affect the residual variability of normalized structural MR imaging data. Because
of the difficulty of defining a gold standard for parameter settings in SPM, we define the
default parameters as the gold standard. In addition, we will compare total entropy results
using two approaches: SPM5 standard method and SPM5 unified method.
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Materials and Methods

Human Subjects

Fourteen healthy control (Control), sixteen type 2 diabetic (Diabetes) and eight depressed
type 2 diabetic (Depressed Diabetes) subjects were recruited for a positron emission
tomography imaging study (Price et al., 2002, 2003). The present work focuses only on the
structural MR data that were acquired to guide region-of-interest determination and partial
volume correction. Only a brief description of the participant recruitment and characteristics
will therefore be provided. Table 1 describes the subject characteristics including age and
gender. Subjects were recruited through university collaborations that included the
University of Pittsburgh Obesity and Nutrition Research Center and Intervention Research
Center for Late-life Mood Disorders, as approved by the Biomedical Institutional Review
Board. None had a history of substance abuse or dependence. Exclusion criteria included
medical or neurological illnesses likely to affect brain physiology or anatomy, suicidal
intent, and exposure to psychotropic or other medications. Subjects were excluded if they
were currently on antidepressants, taking insulin, or had major medical complications
(peripheral vascular disease-CAD, PVD, CVA/TIA; history of stroke), or complex medical
regimens. The glycosylated hemoglobin index of diabetes was measured for 10/14 controls
(5.6+0.3%) and all diabetics (non-depressed: 7.1+1.2%; depressed: 7.5+£1.5%). The
Hamilton Depression Inventory averaged 1.6+1.6 for controls to 18.6+4.4 for the depressed
diabetics.

Magnetic Resonance Imaging

Magnetic resonance imaging was performed on a 1.5 Tesla G.E. Signa system. All subjects
were positioned in a standard head coil and a brief scout T1-weighted image was obtained.
The axial series was acquired (oriented to the anterior and posterior commissures) to screen
subjects for unexpected pathology: fast spin-echo T2-weighted (effective TE=102,
TR=2500, NEX=1, slice thickness=5mm/1mm interslice) and proton density weighted
images (effective TE=17, TR=2000, NEX=1, slice thickness=5 mm/1mm interslice). A field
of view of 24 cm and image matrix of 256x192 pixels were used for all axial MR series. A
volumetric spoiled gradient recall (SPGR) sequence with parameters optimized for maximal
contrast among gray matter, white matter, and CSF was acquired in the coronal plane
(TE=5, TR=25, flip angle=40 degrees, NEX=1, slice thickness=1.5 mm/Omm interslice). All
MR image data analyzed were skull stripped manually using ANALYZE AV.

Spatial Normalization

SPM5 Standard Method—The standard normalization method in SPM5 minimizes the
sum of squared differences between the subject’s image and the template, while maximizing
the prior probability of the transformation. This spatial normalization begins by determining
the optimum twelve-parameter affine transformation to account for differences in position,
orientation and overall brain size. After affine transformation, a nonlinear transformation is
applied to correct for gross differences in head shape that were not accounted for by the
affine transformation. The nonlinear deformations are described by the lowest frequency
components of a three-dimensional discrete cosine transform basis functions (Ashburner and
Friston, 1999).

For the standard method, the user has the ability to select parameter estimation settings for
the nonlinear transformation. We will focus on three parameter estimation settings:
nonlinear frequency cutoff, nonlinear regularization and the number of nonlinear iterations.

Nonlinear Frequency Cutoff represents the cutoff (mm) of the period of the cosine basis
functions. SPM will only estimate warps of the order of the specific “cutoff” or larger.
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Smaller cutoff values represent the use of a larger number of basis functions that result in
greater warping along each axis. The default for nonlinear transformation in SPM is 25 mm.

Nonlinear Regularization is the inclusion of a log-likelihood penalty term for unlikely
deformations. Greater regularization provides smoother deformations. The smoothness
measure is determined by the bending energy of the deformations. The default value for
degree of regularization in SPM is medium regularization (1).

Nonlinear Iterations is the number of iterations performed during the parameter estimation
process. The default number for nonlinear iterations in SPM is 16.

SPM5 Unified Method—The new SPM5 method combines segmentation, spatial
normalization and bias correction in a unified model approach (Ashburner and Friston,
2005). Spatial normalization begins with an affine transformation to achieve an approximate
alignment. Then, deformation of the tissue probability maps is performed to achieve a better
model fit to the data. Similar to the standard method, the unified model option allows the
user to choose different values of the warp frequency cutoff and warping regularization.

Segmentation

The SPM segmentation of structural MR brain images generates probability maps for the
following tissue types: gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF).
The segmentation method in SPM5 is based upon a Gaussian mixture model, provides an
intensity non-uniformity (or bias) correction and implements deformable tissue probability
maps (Ashburner and Friston, 2005).

Total Entropy

Total entropy is a measure that can be used to assess the amount of uncertainty associated
with a random variable and has been used by others to assess the residual variability
remaining after spatial normalization (Warfield et al., 2001; Robbins et al., 2004).

Assume V is a discrete random variable that represents the distribution of tissue types for a
given voxel v. Let p(v) = Pr{V = v}, t € T, where v denotes the voxel, T is the set of possible
tissue types that define the probability distribution at voxel v, and p; (v) is the probability
that voxel v is of tissue type t (i.e., GM, WM or CSF) based upon the segmentation of the
normalized MR images. The entropy of a random variable V (Cover and Thomas, 2006) is
defined by

Hy()= = )" pi(log, pi(v),

veV 1)

where 0-log,-0 is defined to be zero. The total entropy is thus defined over all voxels as:

Hb:ZHb(V)-
v (2)

For the purpose of this work, the entropy of V is measured in base b units that will
correspond to logarithm base 2 (i.e. Hy), and the measurement of entropy in bits. Entropy
was calculated for each subject’s normalized segmented image in a voxel-wise manner,
based upon Equation (1):
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Hy(v)= = ) pi(logyp(v).
teT 3)

According to equation (1), a large amount of uncertainty can reflect more information and
hence a greater entropy. Total entropy is zero when a spatial normalization achieves
complete matching of homologous regions of a subject’s brain to the template; or when
there is a distribution where each label is equally likely. Ideally, one would like to find a
combination of parameter settings in SPM that minimizes the total entropy. That is, smaller
total entropy is assumed to generally reflect less uncertainty and therefore better spatial
normalization.

Study Design

Spatial normalization (standard and unified methods) was performed using SPM5 software
(Wellcome Department of Imaging Neuroscience, London, UK, 2007). All normalized
images were written out using the template-bounding box and voxel size of 2mm. Prior to
calculation of total entropy, each normalized segmented MR image was smoothed using an
8-mm FWHM Gaussian isotropic kernel.

SPM5 Standard Method—Firstly, each subject’s MR data was spatially normalized to
the standard MNI (Montreal Neurological Institute) template in SPM using the standard
approach, varying a single parameter at a time while setting all other parameters to the
default. The normalization parameter settings were nonlinear frequency cutoff (affine only,
25mm, 45mm and 70mm), nonlinear regularization (light, medium and heavy) and nonlinear
iterations (3, 8 and 16). Secondly, the standard method (with the MNI template) was applied
to each subject’s MR by varying a combination of parameters for nonlinear frequency cutoff
and nonlinear regularization to determine how the relationship of these two parameters
affects the performance of the normalization. After each spatial normalization, segmentation
was applied to the normalized images and total entropy (see Equations 1-3) was calculated
using the GM, WM and CSF image data.

SPM5 Unified Method—The unified segmentation was also applied to each subject’s MR
data (default tissue priors in SPM), varying a single parameter at a time while setting all
other parameters to the default. The parameter settings were: warp frequency cutoff (affine
only, 25mm, 45mm and 70mm) and warping regularization (light, medium and heavy). In
contrast to the standard method, the unified segmentation produces modulated normalized
segmented images of GM, WM and CSF. In addition, the unified method was applied to
each subject’s MR using a combination of parameters for warp frequency cutoff and
warping regularization to determine how the relationship of these two parameters affects the
performance of spatial normalization.

Statistical Analysis

Total entropy data were analyzed for each subject group in SPSS 14 (SPSS Inc.) to provide
descriptive statistics (including box plots) and to perform nonparametric testing for two-
related or three-related samples (e.g. comparison across three different frequency cutoffs).
Each box plot indicates minimum value, lower quartile (lowest 25% of data), median, upper
quartile (highest 25% of data) and maximum value. Open circles indicate outliers that were
either 1.5 fold less than the first quartile or 1.5 fold greater than the third quartile. Stars
indicate outliers that were either 3 fold less than the first quartile or 3 fold greater than the
third quartile. The nonparametric tests were used to examine differences in total entropy that
might arise from different levels of frequency cutoff, regularization or number of nonlinear
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iterations. If the three-related samples test indicated statistically significant differences, a
paired t-test was performed to compare the “minimum” and “default” total entropy results
for that parameter set. To assess the extent to which differences in the normalization results
could influence subsequent analyses of the MR data, paired t-tests were performed in SPM.
The paired t-tests compared normalized MR data obtained by using the default parameter
settings to the normalized MR data for which the total entropy was lowest (contrast [—1 1]).
The SPM analyses were only performed for the control MR data. The SPM significance
threshold was set to a FDR corrected p-value of p < 0.001 and an extent threshold of 50
voxels.

Total Entropy

SPM5 Standard Method (SM)—Spatial normalization performed using affine
transformation resulted in smaller total entropy, relative to all nonlinear transformation
results (Figure 1A, bottom). The difference between the mean total entropy values
determined using an affine transformation and a nonlinear transformation with default
parameters was approximately 6% for all three-subject groups. The mean total entropy for
affine transformation for controls, diabetics and depressed diabetics using the standard
method was 1.93%10° (5.d.=0.10), 1.98x10° (s.d.=0.10) and 2.05x10° (5.d.=0.05) bits
respectively.

Nonlinear Frequency Cutoff (SM)—A frequency cutoff of 70 mm tended to give lower
total entropy, when compared to smaller cutoff values. This finding held true for all groups.
Total entropy results for different levels of the frequency cutoff are shown in Figure 1A
(bottom). The mean entropy for the smallest frequency cutoff of 25 mm (default) for
controls, diabetics and depressed diabetics was 2.06x10° (s.d.=0.11), 2.13x10° (s.d.=0.10)
and 2.18x10° (s.d.=0.07) bits respectively, while that for the largest cutoff setting (70mm)
was 2.01x10° (s.d.=0.10), 2.07x10° (5.d.=0.11) and 2.14x10° (s.d.=0.06) bits, respectively.
The difference in the mean total entropy value between 25 mm and 70 mm was only about
2-3 percent.

Nonlinear Regularization (SM)—The total entropy results show that increases in the
regularization for the nonlinear transformation (when using the standard method in SPM5)
reduces the residual variability (Figure 1B, bottom). Heavy regularization yielded lower
residual variability when compared to medium regularization (default). This finding held
true for all groups. The mean entropy for heavy regularization for controls, diabetics and
depressed diabetics was 2.00x10° (s.d.=0.11), 2.06x10° (s.d.=0.09) and 2.11x10°
(5.d.=0.06) bits respectively, while the mean entropy for medium regularization for controls,
diabetics and depressed diabetics was 2.06x10° (s.d.=0.11), 2.13x10° (s.d.=0.10) and
2.18x10° (5.d.=0.07) bits respectively. The difference in mean entropy value between
smallest and largest regularization was approximately 3% for all groups.

Combination of Nonlinear Frequency Cutoff and Nonlinear Regularization
(SM)—Figure 2 (top) shows that when combining different levels of nonlinear cutoff and
nonlinear regularization the total entropy changes. As the frequency cutoff increases, the
effect of nonlinear regularization on the spatial normalization decreases. That is,
regularization of a larger nonlinear frequency cutoff had little mean effect. This was seen for
all three cutoffs evaluated (including 45 mm), although results for two are shown in Figure 2
for clarity.
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Nonlinear Iterations (SM)—Total entropy results show that smaller number of nonlinear
iterations led to smaller residual variability for the standard approach in SPM5. A nonlinear
iteration number of three tended to provide smaller residual variability relative to the default
(16 iterations). These results are shown in Figure 3. The mean entropy for three iterations for
controls, diabetics and depressed diabetics was 2.04x10° (s.d.=0.10), 2.10x10° (s.d.=0.10)
and 2.15x10° (s.d.=0.07) bits respectively and 2.06x10° (s.d.=0.11), 2.13x10° (5.d.=0.10)
and 2.18x10° (s.d.=0.07) bits respectively, for the default setting. However, the difference in
the mean total entropy value was only about 1% for all three groups.

Nonparametric Statistical Results—Our results indicate that there are differences in
residual variability when parameter settings change in the nonlinear transformation using the
standard approach for this mid-life/elderly data set. Nonparametric testing for differences in
entropy across parameter settings were statistically significant for each of the three groups
(controls, diabetics and depressed diabetics), with a maximum observed significance of p =
0.008 for choice of nonlinear frequency cutoff, p < 0.001 for choice of nonlinear
regularization and p = 0.013 for nonlinear iterations. In addition, individually optimal
parameters: larger nonlinear frequency cutoff, higher nonlinear regularization and fewer
nonlinear iteration provide significantly lower residual variability than the default
parameters using the standard approach in SPM5. Table 2 summarizes nonparametric results
obtained for comparison of the spatial normalization determined for the minimum total
entropy data relative to the default values. All comparisons were statistically significant. It
should be noted that the p-values from the nonparametric tests, comparing minimum total
entropy to the default value, should be interpreted with caution since these values are not
corrected for multiple comparisons.

SPM5 Unified Method (UM)—Nonlinear transformation gave lower total entropy when
compared to affine transformation when using the unified approach. This finding held true
for all three groups. The difference in mean total entropy value between an affine and
nonlinear transformation for the unified method was between 6-9 percent.

Warp Frequency Cutoff (UM)—Nonlinear transformation with a frequency cutoff of 70
mm resulted in smaller total entropy for all three groups, when compared to the default 25
mm (top, Figure 1A). However, the difference in mean total entropy value between a smaller
and larger frequency cutoff was negligible (0.14-0.80 percent). The mean entropy for a
frequency cutoff of 25 mm for controls, diabetics and depressed diabetics was 2.85x10°
(5.d.=0.08), 2.75x10° (s.d.=0.41) and 2.88x10° (s.d.=0.07) bits, respectively and for a cutoff
of 70 mm was 2.84x10° (5.d.=0.10), 2.75%10° (s.d.=0.38) and 2.85x10° (s.d.=0.07) bits,
respectively. A smaller mean entropy value for the diabetics was because of an outlier
(2.85x10° bits without the outlier for both frequency cutoffs). This outlier was excluded
from Figure 1A (top) because the total entropy for this subject was consistently more than
three fold lower than the first quartile of the diabetic group.

Warping Regularization (UM)—The total entropy results show that the light
regularization gave smaller residual variability for all three groups. Results are shown on the
top of Figure 1B. The mean entropy for medium regularization for controls, diabetics and
depressed diabetics was 2.85x10° (s.d.=0.08), 2.75x10° (s.d.=0.41) and 2.88x10°
(s.d.=0.07) bits, respectively and the mean entropy for light regularization for controls,
diabetics and depressed diabetics was 2.85%10° (s.d.=0.07), 2.71x10° (s.d.=0.54) and
2.87x10° (5.d.=0.07) bits, respectively. A smaller mean entropy value for the diabetics was
because of an outlier (2.85x10° and 2.84x10° bits without the outlier for medium and light
regularization respectively). This outlier was excluded from Figure 1B (top) because the
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total entropy for this subject was consistently more than three fold lower than the first
quartile of the diabetic group.

Combination of Nonlinear Frequency Cutoff and Nonlinear Regularization
(UM)—Figure 2 (bottom) shows that spatial normalization in the unified model is generally
insensitive to the choice of parameter settings, when combining different levels of nonlinear
frequency cutoff and nonlinear regularization. One outlier was excluded because the total
entropy for this subject was consistently more than three fold lower than the first quartile of
the diabetic group.

Nonparametric Statistical Results—There were no differences detected in residual
variability when parameter settings change in the nonlinear transformation using the unified
approach, with the exception of different levels of regularization for the diabetics (p = 0.01).
Results are not shown.

Standard Method versus Unified Method—An affine transformation yielded the
smallest total entropy for the standard approach, when compared to a nonlinear
transformation. In contrast, nonlinear normalization provided the lowest residual variability
for the unified method. The total entropy results suggest that the unified method provides
larger total entropy relative to the standard method. Both methods yielded similar number of
outliers; however, they identified different subjects with the exception of one subject. The
reason that both methods identified the same outlier was because the subject was not
optimally positioned in the field of view. Total entropy results also show that the unified
method is insensitive to parameter variation.

Our results indicate that the use of different parameter settings for the standard approach
may alter the SPM maps. The comparison of frequency cutoffs (25 mm and 70 mm) yielded
statistically significant differences in cortical white matter (primarily gyri) with few gray
matter differences (insula and temporal gyri). Comparison of medium and heavy
regularization indicated significant differences, about equally, in white matter (fusiform and
frontal gyri) and gray matter (frontal gyri, anterior cingulate, claustrum and lentiform
nucleus). Finally, the comparison of iteration number (16 vs. 3) yielded significant
differences in gyral areas of the frontal, temporal, and occipital lobes and the only difference
noted for CSF (lateral ventricle/sub-lobar). SPM analyses that compared different levels of
regularization for the unified method did not detect statistically significant differences.

Discussion

In this comparative study, we used total entropy as a performance measure to assess the
effects of different parameter settings on the residual variability associated with the spatial
normalization of mid-life/elderly MR imaging data (healthy controls or type 2 diabetics).
Overall, we found the standard method of normalization in SPMS5 to be sensitive to changes
in nonlinear frequency cutoff, nonlinear regularization and number of nonlinear iterations,
while the unified method was relatively insensitive to such parameter variations.

For the standard method in SPMS5, the total entropy results indicated lower residual
variability for the affine transformation than for all nonlinear transformations. It is possible
for a larger frequency cutoff to yield less residual variability in the nonlinear normalization,
relative to a smaller cutoff. This is consistent with the notion that as more basis functions are
used, it is possible to match more distortions because higher frequency deformations can be
modeled (Salmond et al., 2002). As expected, as the regularization increases, the total
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entropy decreases and is closer in value to the entropy results for the affine transformation.

It is possible that a greater regularization could allow better matching because the penalty
increases for quickly changing transformations. However, regularization of larger frequency
cutoff had little effect on the residual variability of the normalization. The entropy results for
the standard method also indicated that good spatial normalization might be achieved with
only a few iterations of the nonlinear warping process. The lowest residual variability for the
standard nonlinear spatial normalization of mid-life/elderly image data was achieved by
using “heavy” regularization, with all other parameters set at the default value. Analogous
comparisons were performed in SPM2 and these results were very similar to those reported
herein for the SPM5 standard method (results not shown).

For the unified method in SPMS5, the total entropy results indicated lower residual variability
for the nonlinear transformations than for the affine transformation. In contrast to the
standard method, variations in frequency cutoff and/or regularization had little effect on the
normalization and the residual variability determined using the SPM5 unified approach. The
unified method performed well for the mid-life/elderly image data, when using the default
parameters, in a manner consistent with Crinion et al. (2007). These findings are consistent
with those of Hellier et al. (2003) who reported better spatial normalization of skull-stripped
images using nonlinear normalizations over affine.

It is acknowledged that the lowest total entropy may not necessarily be indicative of the best
normalization result. In this work, the standard method provided lower entropy values (1.7 —
2.4 x 10° bits) than the unified method (2.7 — 3.3 x 10° bits), but the latter method provided
more stable results across parameter settings. The larger total entropy observed for the
unified method, compared to the standard method (Figures 1 and 2) appeared to result from
greater entropy in gray and white matter but not in CSF, based upon the examination of
segmentation results across several default settings (data not shown).

We chose to use this measure because it reflected residual variability based upon individual
tissue types. Warfield et al. (2001) proposed the use of total entropy to assess image
alignment for affine and nonlinear registration algorithms. Robbins et al. (2004) utilized
total entropy to assess performance, to tune, and to compare spatial normalization methods.
The total entropy measure could be readily applied in this work because all imaging was
performed on the same MR scanner using the same protocol. Another measure that has been
very useful for assessing differences in registration or deformations is the root mean squared
displacement that is based upon differences in voxel distances relative to anatomical
landmarks (Crinion et al., 2007). Hellier, et al. (2003) also proposed several global and local
measures to assess the performances of different nonrigid registration methods. The
precision of the spatial normalization in SPM has also been assessed in terms of anatomical
landmarks by calculating the standard deviation from the mean position of the landmark
(Salmond et al., 2002). An advantage of the total entropy measure is that it does not require
anatomical landmark definition, and therefore can be applied by a user who does not have a
strong background in neuroanatomy, and no inter-rater reliability assessments of landmark
identification is needed.

Technical factors, such as poor positioning of the subject in the scanner or subject
movement, can influence the spatial normalization of the standard method and the spatial
normalization and segmentation of the unified method, and thus the total entropy. Extreme
segmentation failure (extreme outlier) caused the total entropy to be dramatically
underestimated. The dependence of the total entropy on the segmentation process was
further evaluated by examining the segmented image data (gray matter, white matter and
CSF) for both standard and unified SPM5 methods (several default settings). Pearson’s
correlations were performed to explore potential relationships between age (degree of
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atrophy) and total entropy for the three tissue types. The results were ambiguous across the
subject groups with the only significant result indicated for diabetics for which greater age
was associated with greater CSF entropy (more CSF is expected with greater atrophy) but
less gray matter and white matter entropy (data not shown). Finally, as stated above, gray
and white matter entropies were greater for the unified method than for the standard method,
while CSF entropies were similar for both methods.

The SPM analyses of the data processed using the standard approach indicated that the
frequency cutoff resulted in normalization differences most often observed in cortical white
matter (frontal and temporal gyri) and less often in gray matter (temporal gyri). Differences
in regularization warping influenced both gray and white matter of frontal and temporal
cortices. The SPM analysis also indicates that the number of iterations might significantly
affect the warping of gyral areas in cortex and along the lateral ventricle (areas adjacent to
and including CSF).

Total entropy results and SPM analyses suggest that the best parameters for nonlinear spatial
normalization of mid-life/elderly image data to the MNI template, when applying the
standard approach, correspond to a smaller cutoff (25 mm), heavy regularization, and the
default number of nonlinear iterations (16). A smaller frequency cutoff may allow for better
matching of deformations, heavy regularization could limit distortions that might occur
when warping mid-life/elderly image data to the young template, and sixteen iterations
because these may improve the normalization in areas adjacent to or containing CSF. On the
other hand, when applying the unified approach, the default parameters were the best for
spatial normalization of mid-life/elderly image data to the MNI priors, given the apparent
lack of sensitivity of the method to variations in the parameter settings. In contrast to the
standard method, it is possible that the total entropy measure may not be a sensitive
indicator for the assessment of parameter variations in the unified method.

For clinical research applications, it can be important to try to match the normalization
method with the research question. The preferred normalization would be one that provides
a good compromise between the extent to which an individual’s MR image is adjusted and
optimal matching of the brain to the standard template. The normalization-of-choice would
allow for the detection of pathology-related changes rather than differences that may exist
between the individual’s MR and the template. If age-related changes are of interest, then
one would want to apply a normalization that would modify the individual’s MR image
least, while providing the best normalization in areas where age-related group differences
are expected (e.g., frontal cortex or ventricles/CSF).

These findings are relevant for studies of structural brain alterations that may occur in
normal aging, chronic medical conditions, neuropsychiatric disorders, and
neurodegenerative disorders. Future studies will extend this work in the context of subject-
or disease-specific templates/tissue priors.
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Figure 1.

Residual variability (i.e., total entropy) for normalizations performed by varying a single
parameter at a time, while all other parameters were fixed to their default value, for both
SPMS5 methods (top: unified, bottom: standard). (A) Affine transformation and nonlinear
transformations that correspond to nonlinear frequency cutoffs of 25mm*, 45mm or 70mm.
(B) Normalizations were performed using light, medium* or heavy regularization. For the
standard method, an affine transformation resulted in the lowest total entropy relative to the
nonlinear. In addition, a larger frequency cutoff or heavy regularization provided
significantly lower residual variability for nonlinear normalization when applying the
standard approach. For the unified method, a nonlinear transformation resulted in the lowest
total entropy relative to an affine transformation. The unified method was relatively
insensitive to the choices of frequency cutoff or regularization. In addition, the unified
method provided greater values of total entropy relative to the standard method. One outlier
was excluded from the figure (unified method) because the total entropy for this subject was
consistently more than three fold lower than the first quartile of the diabetic group. (*
denotes default parameters for nonlinear transformation in SPM).
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Figure 2.

Residual variability (i.e., total entropy) for normalizations performed by varying more than
one parameter at a time: frequency cutoff (25 mm* or 70 mm) and regularization (light,
medium™* or heavy), for both SPM5 methods (top graph: standard, bottom graph: unified).
Regularization had little effect when applying a larger frequency cutoff. The unified model
was relatively insensitive to the choice of frequency cutoff or regularization. The unified
method provided greater values of total entropy relative to the standard method. One outlier
was excluded from the figure (unified method) because the total entropy for this subject was
consistently more than three fold lower than the first quartile of the diabetic group. (*
denotes default parameters for nonlinear transformation in SPM).
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Figure 3.

Residual variability (i.e., total entropy) for normalization performed by varying the number
of nonlinear iterations (3, 8 or 16* iterations), while setting all other parameters to the
default using the SPM5 standard approach. Fewer number of nonlinear iterations can
provide significantly lower residual variability but a greater number may be needed to
achieve finer matching of more complex deformations. (* denotes default parameters for
nonlinear transformation in SPM5).
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Table 1

Subject Demographics

Group Age (years)  Gender(M:F)
Control .
n=14 62.14 + 13.00 6:8
Diabetes .
n=16 55.94 +£9.33 9:7
Depressed Diabetes g5 75+ 10,61 35
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Page 16

Nonparametric tests comparing lowest total entropy with default parameter for the standard method in SPM5

SPM5 Standard Method Default Parameter versus Parameter with Smallest Total Entropy

Nonlinear Frequency Cutoff Nonlinear Regularization Nonlinear Iterations
25mm”™ versus 70mm medium” versus heavy 16" versus 3
Control
p-value p =0.001 p=0.001 p=0.002
Diabetes
p-value p =0.001 p <0.001 p=0.013
Depressed Diabetes
p-value p=0.012 p=0.012 p=0.012

*
Denotes default parameters in SPM
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