
Regional changes of cortical mean diffusivities with aging after
correction of partial volume effects

Tina Jeona, Virendra Mishraa, Jinsoo Uha, Myron Weinerb,c, Kimmo J. Hatanpaad, Charles
L. White IIId, Yan D. Zhaoe, Hanzhang Lua,f, Ramon Diaz-Arrastiab,c, and Hao Huanga,f,*

aAdvanced Imaging Research Center, University of Texas Southwestern Medical Center, USA
bDepartment of Psychiatry, University of Texas Southwestern Medical Center, USA
cDepartment of Neurology, University of Texas Southwestern Medical Center, USA
dDepartment of Pathology, University of Texas Southwestern Medical Center, USA
eDepartment of Clinical Sciences, University of Texas Southwestern Medical Center, USA
fDepartment of Radiology, University of Texas Southwestern Medical Center, USA

Abstract
Accurately measuring the cortical mean diffusivity (MD) derived from diffusion tensor imaging
(DTI) at the comprehensive lobe, gyral and voxel level of young, elderly healthy brains and those
with Alzheimer's disease (AD) may provide insights on heterogeneous cortical microstructural
changes caused by aging and AD. Due to partial volume effects (PVE), the measurement of
cortical MD is overestimated with contamination of cerebrospinal fluid (CSF). The bias is
especially severe for aging and AD brains because of significant cortical thinning of these brains.
In this study, we aimed to quantitatively characterize the unbiased regional cortical MD changes
due to aging and AD and delineate the effects of cortical thinning of elderly healthy and AD
groups on MD measurements. DTI and T1-weighted images of 14 young, 15 elderly healthy
subjects and 17 AD patients were acquired. With the parcellated cortical gyri and lobes from T1
weighted image transformed to DTI, regional cortical MD of all subjects before and after PVE
correction were measured. CSF contamination model was used to correct bias of MD caused by
PVE. Compared to cortical MD of young group, significant increases of corrected MD for elderly
healthy and AD groups were found only in frontal and limbic regions, respectively, while there
were significant increases of uncorrected MD all over the cortex. Uncorrected MD are
significantly higher in limbic and temporal gyri in AD group, compared to those in elderly healthy
group but higher MD only remained in limbic gyri after PVE correction. Cortical thickness was
also measured for all groups. The correlation slopes between cortical MD and thickness for elderly
healthy and AD groups were significantly decreased after PVE correction compared to before
correction while no significant change of correlation slope was detected for young group. It
suggests that the cortical thinning in elderly healthy and AD groups is a significant contributor to
the bias of uncorrected cortical MD measurement. The established comprehensive unbiased
cortical MD profiles of young, elderly healthy subjects and AD patients at the lobe, gyral and
voxel level may serve as clinical references for cortical microstructure.
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Introduction
Cerebral cortical tissue undergoes complex microstructural changes with normal aging. In
addition, the pathology of Alzheimer's disease (AD) leads to abnormal architecture of the
cerebral cortex. The primary structural measurements associated with human cerebral cortex
so far have been cortical thickness and volumes. Diffusion tensor imaging (DTI), a modality
of MRI that measures water diffusion properties noninvasively (Basser et al., 1994; Moseley
et al., 1990), is highly sensitive to subtle structural changes in brain tissue. Mean diffusivity
(MD), one of the DTI-derived metrics, characterizes the size of the diffusion tensor. Unlike
DTI metric fractional anisotropy (FA) (Pierpaoli and Basser, 1996) which is uniformly low
in the cerebral cortex, measurements of MD offer meaningful structural information for both
white matter and cerebral cortex (e.g. Benedetti et al., 2006; Helenius et al., 2002). It can
then be used to quantify the microstructure of the cerebral cortex, providing a cortical
structural measurement other than cortical thickness and volumes.

Relatively limited literature on cortical MD is available. Comparisons of the MD
measurements from normal aging and young subjects indicate that cortical MD values of
aging group are generally higher at the sampled cortical areas (e.g. Abe et al., 2008). Studies
on cortical MD of patients with mild cognitive impairment (MCI) which is associated with
an increased risk of progression to AD showed that higher MD values were found in
temporal lobe, compared to those of old controls (Ray et al., 2006). However, it has been
found that cortical thickness is thinner in normal elders (e.g. Salat et al., 2004) and AD
patients (e.g. Thompson et al., 2001, 2003) and partial volume effects (PVE) which cause
the averaging of signals from cortex and cerebrospinal fluid (CSF) can lead to significantly
higher MD measurements. Aging is a process associated with complicated microstructural
changes in the cerebral cortex, while AD is affected by multiple pathological factors
including neurofibrillary tangle formation and beta-amyloid, the inhomogeneous
distributions of which (e.g. Braak and Braak, 1991; Gouras et al., 2010; Price et al., 1991)
may jointly alter regional cortical MD. For a better understanding of the cortical
microstructural changes caused by aging and AD, PVE of CSF must be corrected to get an
unbiased estimation of cortical MD. On the other hand, many of the existing studies on
cortical MD measurements used manually drawn regions (e.g. Helenius et al., 2002; Ray et
al., 2006) or segmented entire gray matter (e.g. Benedetti et al., 2006) as regions of interest
(ROI) which cannot give a comprehensive and detailed MD profile all over the cortex. Few
investigations have been conducted to measure the complete regional MD for aging or AD
study due to technical difficulty of integrating the cortical segmentation from T1 weighted
image into DTI-derived maps and the traditional overlooking of quantifying cortical
properties with DTI. Therefore, accurately measuring and comparing the cortical MD values
of the young, aging and AD brains comprehensively at all three levels, namely lobe, gyral
and voxel level, may provide fresh insights on cortical microstructural changes due to aging
process and pathology of AD.

In this study, we have developed a novel image analysis means to measure the regional
cortical MD while correcting the bias caused by PVE. Our method integrates cortical
parcellation from T1 weighted images with Freesurfer (Fischl et al., 2004), fast marching
(Kimmel and Sethian, 1998; Malladi and Sethian, 1996; Sethian, 1996) on MD map to fine
tune the cortical labeling transferred from T1 weighted image and CSF contamination model
(Koo et al., 2009) to eliminate CSF effects on MD measurements. DTI and T1 weighted
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image of 46 subjects (14 young adults, 15 normal old subjects and 17 AD) were acquired for
this study. The above-mentioned method was applied to all subjects to reveal the cortical
MD profile before and after PVE correction. To reveal averaged cortical MD of each group
and conduct voxel level comparisons, inter-subject nonlinear registration was performed
with HAMMER (Shen and Davatzikos, 2002) package. In addition, cortical thickness of all
subjects was measured across the entire cortical surface from T1 weighted image, also with
Freesurfer (Fischl and Dale, 2000). The primary goal was to quantify the detailed
microstructural cortical changes due to aging and AD pathology through unbiased
measurements of regional and voxel wise cortical MD and delineate the effects of cortical
thinning of aging and AD groups on MD measurements. We hypothesized that the CSF
contamination due to cortical thinning leads to general higher cortical MD all over the
cortex in aging and AD brains and that correction of PVE could reveal a different picture on
unbiased MD changes than conventional understanding.

Materials and methods
Subjects

46 subjects including 14 healthy young controls (age: 22.6±4.6), 15 normal old controls
(age: 65.7±7.2) and 17 AD patients (age: 68.9±5.6) participated in this study. The AD
patients and old control subjects were recruited from the Alzheimer's Disease Center (ADC)
at the University of Texas Southwestern Medical Center. Old control subjects had no history
of a psychiatric or neurological disease, and had no cognitive complaint or evidence of
cognitive impairment. Additional criteria for old control group were normal cognition and
Clinical Dementia Rating (CDR; Morris, 1993). AD subjects had been diagnosed by
NINCDS/ADRDA criteria (McKhann et al., 1984) as probable AD. None of the AD patients
have vascular dementia based on standard National Institute of Neurological Disorders and
Stroke and Association Internationale pour la Recherche et l'Enseignement en
Neurosciences (NINDS-AIREN) diagnostic criteria (Román et al., 1993), in that (1) they did
not have a history of clinical stroke; (2) they did not have focal neurological findings; (3)
MRI did not show any cortically-based infarctions; (4) Hachinski score was <4 (in most
cases <2). The scores of Mini-Mental State Examination (MMSE) for AD patients are
23.5±2.1. The 14 healthy young adults free of current and past medical or neurological
disorders were recruited at Advanced Imaging Research Center of the same institution. All
subjects gave informed written consents approved by the Institutional Review Board.

Data Acquisition
A 3 T Philips Achieva MR system was used to acquire DTI and T1-weighted image. DTI
data were acquired using a single-shot EPI with SENSE parallel imaging scheme
(SENSitivity Encoding, reduction factor=2.3). Diffusion weighted imaging (DWI)
parameters were: FOV=224/224/143 mm, in plane imaging matrix=112×112, axial slice
thickness=2.2 mm, 30 independent diffusion-weighted directions (Jones et al., 1999a)
uniformly distributed in space with b-value=1000 s/mm2, TE=97 ms, TR=7.6 s. To increase
signal to noise ratio (SNR), two repetitions were performed, resulting in a total acquisition
time of 11 min. T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE) image
with FOV=256/256/160 mm and resolution 1×1×1 mm was also acquired. The MPRAGE
images provide superior gray and white matter contrast and were used for segmentation and
parcellation of the cerebral cortex. T1-weighted and DTI scans were performed in the same
session.

Overview of postprocessing protocol for measuring regional cortical MD
Due to different MR imaging sequences and resolution, T1 weighted images and DTI-
derived metrics represent two different data spaces. The flowchart of Fig. 1 shows the
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overview of postprocessing protocol by integrating the gyral parcellation information from
T1 weighted image space (gray area in Fig. 1) and MD measurement from DTI space (white
area in Fig. 1). To reduce the possible bias caused by interpolation during image
transformation, all measurements of MD were performed in DTI space. In other words, the
parcellated gyri or lobes from T1-weighted image space were transformed into DTI space
for regional MD measurements. Gyral and lobe level MD was calculated by averaging the
MD values at all voxels with the same gyral and lobe label, respectively.

Parcellating cortex in MD map into gyral level
Parcellating cortex in MD map into gyri was performed by transforming parcellated gyri
from T1 weighted image space into DTI space. Parcellated 70 cortical gyri (Desikan et al.,
2006) were obtained from the T1 weighted image using Freesurfer (Fischl et al., 2004).
Linear affine transformation (Woods et al., 1998) was applied to reorient and transform T1-
weighted image and its co-registered parcellated cortical ribbon into DTI space by using
Landmarker (www.mristudio.org), as also demonstrated in flowchart of Fig. 1. The linear
registration process reslices the gyral labeling image using nearest neighbor interpolation.
Figs. 2a and c show the T1 weighted image and parcellated 70 cortical gyri transformed to
DTI space. Figs. 2d and e are the MD map and gray matter segmentation of b0 image,
obtained by running SPM8 (Statistical Parametric Mapping, http://www.fil.ion.ucl.ac.uk/
spm/). Non-cortical gray matter (GM) structures indicated by yellow arrows in Fig. 2e were
manually extracted from the segmented GM map using ROIEditor (www.mristudio.org) to
leave only cortical GM for MD calculation. Threshold of 0.65 for SPM gray matter
segmentation of b0 image was used to obtain the cortical mask. Even after linear registration
which transforms the gyral labels from T1 weighted image space into DTI space, irregularly
small yet significant offsets between linearly transformed cortical ribbon from T1-weighted
image (c) and cortical ribbon from DTI (e, f) were all over the cortex. The offsets are due to
differences of cortical segmentation from images of two different contrasts and distortion of
DTI space caused by b0-inhomogeneity, as demonstrated in the enlarged view on the right
side of Fig. 2. They were corrected by fast marching (Kimmel and Sethian, 1998; Malladi
and Sethian, 1996; Sethian, 1996), which models the evolution over time of an interface or
front, with cortical segmentation in DTI space (Fig. 2e) as a template. Fast marching was
used to resolve the local discrepancy when transferring gyral labeling from T1 weighted
image to b0 image. Specifically, for any cortical voxel of b0 image which was not
overlapped with cortical voxel of T1 weighted image, a brute-force search was conducted so
that this b0 cortical voxel was assigned a gyral label which has the smallest distance from it.
In this way, all cortical voxels in the MD map were assigned with gyral labels (Fig. 2f) and
the matching between the homologous cortical regions from T1 weighted images and those
from MD maps was ensured (Supplementary Fig. 2).

Cortical thickness measurement
The cortical thicknesses were computed from Freesurfer (Fischl and Dale, 2000). The pial
and white matter surface were generated. For each vertex of pial cortical surface, there is a
measured thickness value which is the distance between pial and white matter surface. The
thickness values with the same gyral labels were averaged to calculate the thickness of a
certain gyrus.

Correction for partial volume effects
The CSF contamination model (Koo et al., 2009)

(1)
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was used. In Eq. (1), S(b) and S(0) were diffusion weighted and non-weighted signals,
λapp-gm and λapp-csf were the apparent signal fraction weightings of GM and CSF
compartments, b was 1000 s/mm2, and Dcsf was modeled as a constant, 3.0×10−3 mm2/s
(Pasternak et al., 2009). Dgm was the unbiased cortical mean diffusivity to be calculated.
The two compartment model was to correct possible measurement biases from the averaging
of gray matter and CSF signals. It assumes that diffusivity of unbiased white matter (Dwm)
has a similar range to that of Dgm (Koo et al., 2009; Ray et al., 2006) and they are combined
as one compartment. The other compartment is CSF. This computational framework utilizes
the tissue probability maps obtained from SPM8 segmentation for λapp-gm and λapp-csf.

Cortical mapping of the averaged uncorrected MD, averaged corrected MD and averaged
cortical thickness

Averaging uncorrected MD and corrected MD—Uncorrected and corrected MD
maps indicate those before and after PVE correction, respectively. The brain of a median-
sized young normal subject was chosen as the template for all three subject groups. The T1-
weighted images transformed into DTI space and co-registered with MD maps were used for
nonlinear inter-subject normalization. HAMMER (Shen and Davatzikos, 2002) package
from the SBIA of UPenn (https://www.rad.upenn.edu/sbia/) was used for inter-subject
registration. The same nonlinear inter-subject HAMMER transformation was applied to the
co-registered uncorrected and corrected MD maps so that MD maps were normalized to the
template subject space. To correct for the offsets between the cortical ribbon of the template
MD map and that of the normalized MD maps, fast marching was applied again before
averaging the cortical MD values in the template space. Details of this process are
demonstrated with Supplementary Fig. 3.

Averaging cortical thickness—A surface-based normalization was conducted to
transform the cortical thickness measurements of different subjects within the same group to
the template and average them in the template space, with the surface normalization function
provided by Freesurfer.

Cortical mapping of averaged cortical MD and averaged cortical thickness—
The pial cortical surface was rendered with T1 weighted image of the template brain from
Freesurfer. The averaged uncorrected or corrected cortical MD maps of each subject group
was reversely transformed from the template DTI space to template T1 weighted image
space which is aligned with the cortical surface. The averaged uncorrected, averaged
corrected MD and averaged cortical thickness of each subject group were mapped to the
template cortical surface for visualization of these measurements on the cortical surface. The
mapping of the metrics to the surface was conducted by assigning the vertices of the cortical
triangular meshes with the values of the closest voxels.

Statistical analyses
Testing uncorrected and corrected MD differences among young, elderly
healthy subjects and AD patients—Differences among the three subject groups were
quantified using Student t-tests with MD measurements at lobe, gyral and voxel level. With
MD values of 6 lobes tested in each hemisphere, the differences were considered significant
with a p value less than 0.00833 (0.05/6) for Bonferroni correction of MD comparisons at
lobe level. False discovery rate (FDR) correction was applied to gyral level MD
measurements. In the template subject space, the pairwise voxel level t tests among the three
groups with both uncorrected and corrected MD were conducted for all cortical voxels.

Testing MD difference before and after PVE correction—Student t-tests were
applied to MD measurements of all subjects (young, old and AD) at a certain lobe before
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and after PVE correction to test the significance of PVE correction on MD measurements.
Bonferroni correction was made for p values obtained from such tests.

Testing differences of correlations of MD and thickness before and after PVE
correction—The correlation between MD and thickness were analyzed using linear
regression models in the form

(2)

where j from 1 to 70 indicates a certain gyrus, i=1, 2, 3, indicates young normal, elderly
healthy and AD, respectively, yij and xij indicate the MD measurement and thickness
measurement for the ith group and jth gyrus, respectively, εij is the random error, and αi and
βi are unknown intercepts and slopes. To test the effects of PVE correction on reducing the
bias of MD caused by the thinner cortical thickness, the null hypothesis for the model is that
the slopes are equal for the uncorrected and corrected MD of the same subject group. The p-
values for testing this hypothesis were obtained by using SAS 9.2 (SAS Institution Inc.,
Cary, NC).

Results
Regional uncorrected and corrected MD at lobe and gyral level

Fig. 3 shows the uncorrected and corrected MD at lobe level of young, elderly healthy
subjects and AD patients and statistical differences among these three groups. As can be
observed in Figs. 3a and c, comparisons between uncorrected MD of elderly and young
normal subjects indicate significantly (corrected p<0.05) higher MD at almost all cortical
lobes in elderly healthy subjects except left and right temporal lobe and insula. Comparisons
between uncorrected MD of AD patients and young normal subjects indicate significantly
(corrected p<0.05) higher MD at all cortical lobes in AD patients. Comparisons between
uncorrected MD of AD patients and elderly healthy subjects reveal the trends of higher MD
(uncorrected p<0.05) in limbic and temporal lobe of AD patients. However, after PVE
correction, statistically higher (corrected p<0.05) MD of elderly healthy subjects and AD
patients can be found only in frontal lobe cortex and limbic cortex of both hemispheres,
respectively (Figs. 3b and d), compared to those of young normal subjects. The differences
of MD between AD patients and elderly healthy subjects also diminish at the lobe level after
PVE correction.

Tables 1a and 1b list the corrected and uncorrected MD values at more detailed gyral level
and correspondent FDR corrected p values by comparisons among the three subject groups.
Consistent with Fig. 3, the significant differences of uncorrected MD of elderly healthy
subjects and AD patients compared to those of young normal subjects occur in most of the
gyri. The significant differences of corrected MD between AD patients or elderly healthy
subjects and young normal subjects are mostly clustered in the lobes where the significant
differences have also been revealed in Figs. 3b and d. The significant differences of
uncorrected MD between AD patients and elderly healthy subjects were found in several
frontal, temporal and limbic gyri, specifically left paracentral, left and right fusiform, left
and right inferior temporal gyrus, left and right isthmus-cingulate and posterior cingulate
cortex. After PVE correction, the significant MD differences can be found only in left and
right isthmus-cingulate and posterior cingulate cortex in limbic lobe.

Fig. 4 illustrates the effects of PVE correction to the cortical MD measurements at lobe
level. Cortical MD measurements of left and right correspondent lobe of each subject were
averaged and represented as one green diamond (before correction) and red circle (after
correction) in Fig. 4. For each lobe, 46 green diamonds and 46 red circles representing all
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subjects from the three subject groups are clustered together. The green diamonds are
uniformly and significantly (corrected p<0.05) higher than red circles for all lobes. The
averages of uncorrected and corrected cortical MD of all subject groups and across all lobes
are 0.88×10−3 mm2/s and 0.79×10−3 mm2/s. The relative difference between them is 11%,
indicating a dramatic bias due to PVE.

Cortical mapping of the voxel wise uncorrected, corrected MD, cortical thickness and t
maps from statistical comparisons among the three subject groups

The cortical maps of averaged voxel wise uncorrected MD and corrected MD for young,
elderly healthy and AD group are shown in Fig. 5. They reveal the distribution of cortical
MD. They are inhomogeneous all over the cortical surface. The MD measurements of young
normal subjects were less biased by PVE, compared to those of elderly healthy subjects or
AD patients. Widespread red colors indicating high MD are observed in uncorrected MD
maps of elderly healthy subjects and AD patients (Figs. 5b and c). By contrast, the red
regions are more focused at parietal area of uncorrected MD map of young normal subjects
with temporal lobe displaying lowest uncorrected MD (Fig. 5a). The higher MD at frontal
lobe for elderly healthy subjects and higher MD at limbic cortex for AD patients, compared
to other regions of cortical surface, are apparent before (Figs. 5b and c) and after (Figs. 5e
and f) PVE correction.

From Fig. 6, the cortical thickness is generally smaller in elderly healthy subjects and AD
patients, compared to that of young normal subjects. Specifically, the decreased cortical
thickness at the prefrontal and limbic regions of AD group (Fig. 6c) is quite evident. AD
patients suffer from even smaller cortical thickness in those two regions compared to elderly
healthy subjects.

Fig. 7 illustrates the voxel wise t maps across the cortical surface. Consistent with Figs. 3, 5
and Tables 1a and 1b, widespread cortical areas were painted bright red in t maps from
pairwise comparisons of uncorrected MD between elderly healthy and young normal
subjects (Fig. 7a). The bright red or bright blue color indicates significantly higher or
significantly lower MD of the first group, compared to those of the second group. The light
red and light blue reveals higher or lower MD of the first group with no statistical
significance. The bright red (Fig. 7a) turned into light colors (Fig. 7c) for comparisons of the
MD between the same groups after PVE correction, due to more significantly reduced MD
of elderly healthy groups compared to those of young normal group. However, the t map
from pairwise comparisons of uncorrected MD between AD patients and elderly healthy
subjects (Fig. 7b) and that of corrected MD between the same groups (Fig. 7d) demonstrate
a similar pattern, caused by similarly reduced MD of AD and elderly healthy groups. Note
that t values correspondent to FDR (False Discovery Rate)-corrected p value 0.05 are from
2.8 to 3.3 for comparisons of MD between different groups.

Relationship between cortical MD and cortical thickness for young, elderly healthy
subjects and AD patients

The relationship between uncorrected MD and cortical thickness and between corrected MD
and cortical thickness is shown in Figs. 8a and b, respectively. Negative correlation has been
found for all three subject groups with both uncorrected and corrected MD measurements.
The correlation of uncorrected cortical MD and cortical thickness of young normal subjects
(p=0.02, R=−0.28) is not as strong as that of elderly healthy subject (p<0.0001, R=−0.51) or
AD patient (p=0.0002, R=−0.46). After PVE correction, the correlation slopes for elderly
healthy subjects and AD patients have been decreased significantly (p=0.002 for elderly
healthy; p<0.001 for AD) while the correlation slope drop is not significant for young
normal group (p=0.77 for young normal). This statistical analysis reveals the different
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impacts of PVE correction on correlations between MD and thickness for three groups. It
indicates that cortical thinning in elderly healthy subjects and AD patients induces larger
bias of cortical MD.

Discussion
In this study, we have established comprehensive cortical MD profiles for young, elderly
healthy subjects and AD patients at lobe, gyral and voxel level. The differences of unbiased
cortical MD from pairwise comparisons among these three groups provide refreshing insight
on cortical microstructural changes caused by aging or AD. Specifically, the profiles of
unbiased cortical MD of elderly healthy subjects and AD patients are distinguished from the
conventional understanding. Unlike widespread higher uncorrected MD measurements all
over the cortex in elderly healthy subjects and AD patients, MD measurements after PVE
correction indicate that only frontal lobe and limbic cortex has significantly higher MD in
aging and AD group, respectively, compared to those of young normal subjects.
Furthermore, corrected cortical MD of AD patients are significantly higher than those of
elderly healthy subjects only at certain limbic gyri and statistical significance of uncorrected
MD between these two groups at temporal gyri no longer exists after PVE correction. Voxel
wise cortical MD and t maps were mapped to the cortical surface to reveal the distribution of
MD and statistical differences. With the cortical thickness measurement, cortical thinning in
aging and AD groups have been statistically tested to be the contributing factor for biased
and widespread increase of cortical MD of these two groups. We developed an effective
image analysis approach including gyral parcellation with Freesurfer, fast marching and
CSF contamination model to accurately measure the unbiased cortical MD at gyral and lobe
level. Measurements and comparisons of voxel wise MD were made possible after
transforming the MD maps of individual subjects to a template space through nonlinear
inter-subject registration.

Regional cortical MD measurements at gyral and lobe level and voxel wise MD mapped to
the cortical surface

The regional cortical MD measurements at gyral (Tables 1a and 1b) and lobe (Fig. 3) level
and voxel wise MD mapped to the cortical surface (Fig. 5) revealed cortical MD profiles for
young, elderly healthy subjects and AD patients. Take the MD measurements of young
normal subjects as an example. The MD measurements all over the cortex are in a relatively
narrow range, from 0.75 to 0.95×10−3 mm2/s before and 0.7 to 0.9×10−3 mm2/s after PVE
correction. However, heterogeneous cortical MD all over the cortex is still apparent. The
parietal lobe has the highest MD while the temporal lobe has the lowest MD before and after
PVE corrections in both hemispheres. This pattern matches a previous report on MD
measurements without PVE correction (Liu et al., 2006) and the cortical MD maps after
correction are consistent with those in the literature (Koo et al., 2009). As discussed in the
last subsection below, the unbiased cortical MD measurements at lobe (Fig. 3), gyral (Tables
1a and 1b) level and voxel wise MD mapped to the cortical surface (Fig. 5) for aging and
AD groups were obtained through the most recent technologies which greatly enhance
accuracy. These unbiased cortical MD profiles may serve as clinical references.

Bias of cortical MD measurements in elderly healthy subjects and AD patients caused by
cortical thinning

Cortical thinning with aging and AD has been recognized in previous literature (Salat et al.,
2004; Thompson et al., 2001, 2003) and further confirmed with cortical thickness
measurement (Fig. 6) in this study. Due to cortical thinning with aging and AD affection, the
space originally taken by the cortical tissue is likely to be filled with CSF, leading to extra
high uncorrected MD values in these two groups. To alleviate PVE caused by CSF, the CSF
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contamination model in Eq. (1) (Koo et al., 2009) was used. The PVE correction generally
reduced the MD measurements all over the cortex significantly for all three subject groups,
as confirmed by the statistical test in Fig. 4 and also well appreciated with Figs. 3, 5 and
Tables 1a and 1b. Furthermore, it is clear that PVE correction has bigger effects on reducing
cortical MD in elderly healthy subjects and AD patients. Without PVE correction,
widespread higher cortical MD values in aging brains were reported previously (e.g. Abe et
al., 2008; Benedetti et al., 2006) and also found in our study. However, the increased MD
was found only in frontal lobe in this group after correcting the CSF effects on the MD
measurements. In addition, without PVE correction, comparison of MD measurements from
MCI patients and elderly healthy subjects indicated higher MD in temporal lobe (Ray et al.,
2006). While the trend of higher uncorrected MD values in AD patients compared to those
of elderly healthy subjects (uncorrected p<0.05) was also observed in our study, there is no
significant difference of MD in temporal lobe between elderly healthy subjects and AD
patients after PVE correction of MD, as demonstrated in Figs. 3, 5 and Tables 1a and 1b.
However, the MD values at limbic cortex of AD patients remain significantly higher than
those of normal old subjects before and after PVE correction.

We further investigated the relationship between cortical thickness and cortical MD
measurements of the three subject groups. Fig. 8 shows that PVE correction does not
significantly affect the correlation between cortical thickness and MD for young normal
subjects. However, it has significant influences on such correlations in both elderly healthy
subjects and AD patients. Fig. 8 indicates that the thinner cortical thickness in aging and AD
brains is an important factor that leads to the biased higher MD measurements of these two
groups.

Why MD is used for structural quantification of cortex and possible mechanism of cortical
MD changes due to aging and AD

DTI-derived metrics, namely FA, MD, axial diffusivity and radial diffusivity, offer
microstructural measurements of the entire brain, including both gray and white matter.
There have been quite a few studies focused on white matter changes due to aging and AD
with FA. Decreases of white matter FA were found for aging (e.g. Moseley, 2002; Westlye
et al., 2010) and AD (e.g. Stahl et al., 2007; Takahashi et al., 2002; Zhang et al., 2007)
brains. Investigations on microstructural changes at detailed cortical regions with DTI are
rare. Since they have better signal-to-noise ratio compared to FA measurements at cortex,
MD measurements are eligible for meaningful microstructural comparisons among the three
subject groups. MD is the combination of axial and radial diffusivities. Separate
measurements of these two metrics do not provide significantly more information as
anisotropy of diffusion tensor is low at cortex.

With aging and AD, it is possible that several structural changes happen in the cortical tissue
in parallel. The relatively well-recognized change is the cortical thinning (Fig. 6). Both
intracellular and extracellular diffusion contribute to brain MD. A rat brain study has shown
that brain MD is mainly determined by intracellular water diffusion (Silva et al., 2002).
Intracellular structural changes which decrease the barriers for water molecule diffusion and
therefore make water molecules diffuse more freely will result in increased MD. These
changes may include disruption of the intracellular cytoskeletal framework. Even after
correction of CSF, the MD at the frontal lobe cortex of aging normal subjects are
significantly increased (Fig. 3). It suggests that disruption of the intracellular cytoskeletal
framework takes place in the frontal lobe during aging. The structural changes in AD are
more complicated. Besides those structural changes occurring in normal aging, cortical MD
of AD is affected by multiple pathological factors including neurofibrillary tangle formation
and beta-amyloid, while effects of vascular complication on MD measurements are
minimized by carefully screening the participating AD patients and rejecting those with
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vascular dementia. Distribution of both tangles and plaques in AD brains have been well
characterized (e.g. Braak and Braak, 1991; Gouras et al., 2010; Price et al., 1991). The
tangle disrupts the organized healthy cellular parts and possibly leads to increased MD. On
the other hand, the beta-amyloid is sticky and possibly leads to decreased MD. As these two
factors may have opposite effects on MD values, different cortical regions have increased or
decreased MD values. We found that corrected cortical MD of AD patients are significantly
higher in posterior limbic cortex which is one of the most vulnerable cortical regions of AD
affection, compared to those of both young (at lobe level in Fig. 3) and elderly (at gyral level
in Tables 1a and 1b) normal subjects. On the other hand, Fig. 3 also shows that the corrected
MD of AD patients are lower, yet not significantly, than those of elderly healthy subjects at
the cortex of frontal and parietal lobe. As described in the section of Subjects, the recruited
AD patients had averaged MMSE of 23.5, which indicates mild Alzheimer stage for most of
the recruited AD patients in this study. Braak and Braak (1991) characterized staging of
deposition of amyloid and neurofibrillary tangles. In the stage B of amyloid deposition and
stages III-IV (also characterized as limbic stage) of tangle deposition (Braak and Braak,
1991), the posterior limbic area has moderate deposition of tangles (increasing MD) and
relatively less deposition of amyloid (decreasing MD) compared to anterior limbic, middle
temporal, hippocampal and some other regions (Supplementary Fig. 1). This inhomogeneous
deposition of amyloid and tangles could cause higher MD only at posterior limbic region for
AD patients (Fig. 7d and Tables 1a and 1b), as the MD-increasing effects of tangles at other
regions could be offset by MD-decreasing effects of amyloid. While cortical MD alone
reflects the joint effects of both tangles and amyloids and cannot differentiate the effects of
these two, it may serve as a complementary detecting tool to characterize cortical properties
of AD. Furthermore, it may provide valuable information on which process dominates in
certain cortical regions, especially as the distribution of tangles and beta-amyloids are not
homogeneous all over the cortex and deposition of the two are not completely overlapping
(e.g. Braak and Braak, 1991; Gouras et al., 2010; Price et al., 1991).

Technical issues and validation
The two key steps highlighted in the pipeline of Fig. 1 are essential to ensure accurate
cortical MD measurements. The major challenge for regional cortical MD measurements is
to identify different cortical gyri in the MD map. Due to relatively lower resolution and
poorer contrast of MD map compared to those of T1-weighted image, we processed T1-
weighted image with Freesurfer to obtain the parcellated cortical gyri and transformed the
cortical gyral labels into the MD map in DTI space (Fig. 2). The surrounding voxels of the
cortical ribbon in the MD map are either CSF with MD value around 3.0×10−3 mm2/s or
background noise with MD value close to 0. Directly applying Freesurfer cortical
parcellation to MD map in DTI space after affine registration leads to as high as averaged
70% offset. Especially the mismatched voxels in CSF or outside of the brain could lead to
significant bias as MD values of CSF or background are dramatically different from those of
cortical MD (around 0.7 to 0.9×10−3 mm2/s). Fast marching was used to conduct elastic
morphing and ensure that gyral labels were only assigned to the voxels inside the cortical
ribbon of the MD map and no gyral labels were assigned to any CSF or background voxels
Huang et al., 2011. PVE in DTI have been well recognized (e.g. Alexander et al., 2001;
Pasternak et al., 2009). Pasternak et al.'s approach estimates the two compartments by fitting
a bi-tensor model. However, as also discussed in that paper, the approach is less
straightforward to implement due to ill-posed inverse problem and enforced constraints may
be necessary. Our approach to PVE correction adopted the method of Koo et al. (2009)
which is computationally easy to implement, but not derived from bi-tensor. In addition, our
approach is greatly dependent on accuracy of the tissue probability map from SPM
segmentation and quality of b0 image. For that, validation of segmentation of b0 image was
conducted against segmentation of T1 weighted image. Probabilistic overlap fractions (POF)

Jeon et al. Page 10

Neuroimage. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Anbeek et al., 2004) are above 90% for most gyri in all three subject groups
(Supplementary Table 1), indicating good b0 segmentation. Voxel-level MD comparisons
require inter-subject registration. When conducting such comparisons, imperfect inter-
subject registration was adjusted by fast marching (Supplementary Fig. 3) to avoid
smoothing which usually affects accuracy of the MD measurements due to contamination of
neighboring voxels.

Although SENSE parallel imaging scheme was used for DTI data acquisition of all subjects,
the b0-susceptibility induced geometric distortion at the frontal pole and temporal pole in
both hemispheres is still severe. And the signal changes in these regions inevitably affect the
MD measurements. Hence, the MD measurements at these regions are not included in our
study (see Tables 1a and 1b).

There are few measurements in the literature available for validation of MD measurements
of AD and elderly healthy groups. To the best of our knowledge, there is no cortical MD
measurement after PVE correction for these subject groups in the literature. For this reason,
great efforts as discussed above and highlighted in pipeline of Fig. 1 have been made to
ensure accuracy. On the other hand, our results of young normal subjects are consistent with
those from several published studies (Koo et al., 2009; Liu et al., 2006) on cortical MD
measurements of mid-aged and young normal subjects. As the same analysis pipeline was
applied to all subject groups, the consistency of the results from young normal subjects to
the existing literature may imply validity of the results from elderly healthy subjects and AD
patients. Fluid-attenuated inversion recovery (FLAIR) DTI technique (Falconer and
Narayana, 1997; Kwong et al., 1991) has been used to validate the cortical MD
measurement in our study. The percentage difference between corrected MD of regular DTI
and MD of FLAIR DTI dropped to around 6% from around 16% before correction
(Supplementary Table 2), indicating significant improvement of cortical MD measurement
with CSF correction. This same technique can be potentially used for validating the cortical
MD measurements of aging and AD groups in the future. It is also noteworthy that
overcorrection can happen in several regions. Out of 60 gyral regions, there are 4 regions
where MD values were overcorrected (Supplementary Table 2) although the absolute
percentage differences of the overcorrection are quite minor, ranging from 0.5% to 2.7%.
Compared to the averaged percentage difference of around 16% and 6% between
uncorrected/corrected MD of regular DTI and MD of FLAIR DTI shown in Supplementary
Table 2, over-correction may not be the major cause of the loss of statistical significance
after correction (Tables 1a and 1b) for the difference between AD and elderly healthy group
in the temporal areas. Instead, as discussed in detail in previous subsection, the loss of
statistical significance is most probably due to the counteracting effects of amyloid and
tangles in the temporal areas.

Conclusions
Comprehensive cortical MD profiles of young, elderly healthy subjects and AD patients
have been established at the lobe, gyral and voxel level. The CSF contamination related to
cortical thinning in aging and AD brains contributed to significantly higher cortical MD
measurements at most of the cortical regions. Correction of PVE reduced the contamination
of the CSF to a minimum level and revealed the heterogeneous microstructural changes of
the cortical tissue with aging and AD. Disruption of the intracellular cytoskeletal framework
may cause the increased corrected MD at the frontal lobe of aging brains. Multiple
pathological factors including neurofibrillary tangle formation and beta-amyloid have
different effects on cortical MD changes with AD, resulting in higher corrected MD only at
posterior limbic areas compared to elderly healthy and young groups.
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Fig. 1.
Flowchart demonstrating the postprocessing protocol of regional cortical MD
measurements. The two technical components, correction of cortical MD with CSF
contamination model and fast marching to fine tune the gyral labeling in DTI space, which
improve the accuracy of the regional MD measurements are highlighted by underlines.
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Fig. 2.
T1 weighted image (a), the 3D cortical gyral parcellation (b), the gyral parcellation map of
T1 weighted image (c), MD map (d), GM segmentation from b0 image (e), and gyral labels
of MD map (f) are shown. The enlarged gyral parcellation maps from the highlighted yellow
box show dramatic shape differences of two gyral parcellation maps. Complete alignment
between (e) and (f) is apparent. (b), (c) and (f) use same color scheme to represent gyral
labeling.
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Fig. 3.
MD measurement of left (a, b) and right (c, d) hemispheres at the cortical lobe level before
(a, c) and after (b, d) PVE correction. Asterisks indicate statistical significance after
Bonferroni correction. † indicates statistical significance without Bonferroni correction.
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Fig. 4.
Cortical MD of all subjects at the cortical lobes before (uncorrected, green diamonds) and
after (corrected, red dots) PVE correction. The differences of the uncorrected and corrected
MD are statistically significant for all lobes. Asterisks indicate statistical significance after
Bonferroni correction.
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Fig. 5.
Distribution of the uncorrected (left panel) and corrected (right panel) MD for young (a, d),
elderly (b, e) healthy subjects and AD patients (c, f) on the cortical surface. Color bar
indicates the MD values.
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Fig. 6.
Cortical thickness maps of young (a, upper panel), elderly (b, middle panel) healthy subjects
and AD patients (c, lower panel). Color bar indicates the cortical thickness values.
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Fig. 7.
Distribution of the voxel level t maps from pairwise t tests of MD among young, elderly
healthy and AD groups. t maps of uncorrected MD and corrected MD are displayed in left
and right panels, respectively. Color bar indicates that the t values corresponding to FDR-
corrected p less than 0.05 are highlighted with bright red and blue color.
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Fig. 8.
Correlation between the cortical gyral MD before (a) or after (b) PVE correction and
correspondent gyral cortical thickness. Blue diamonds, red squares and green triangles
indicate the measurement from young, elderly healthy subjects and AD patients,
respectively. The regression lines for each subject group are also shown.
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