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Abstract

Purpose—To describe structural network differences in individuals with mild cognitive
impairment (MCI) with high versus low executive abilities, as reflected by measures of white
matter connectivity using diffusion tensor imaging (DTI).

Materials and methods—This was a retrospective, cross-sectional study. Of the 128
participants from the Alzheimer’s Disease Neuroimaging Initiative database who had both a DTI
scan as well as a diagnosis of MCI, we used an executive function score to classify the top 15
scoring patients as high executive ability, and the bottom-scoring 16 patients as low executive
ability. Using a regions-of-interest-based analysis, we constructed networks and calculated graph
theory measures on the constructed networks. We used automated tractography in order to
compare differences in major white matter tracts.
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Results—The high executive ability group yielded greater network size, density and clustering
coefficient. The high executive ability group reflected greater fractional anisotropy bilaterally in
the inferior and superior longitudinal fasciculi.

Conclusions—The network measures of the high executive ability group demonstrated greater
white matter integrity. This suggests that white matter reserve may confer greater protection of
executive abilities. Loss of this reserve may lead to greater impairment in the progression to
Alzheimer’s disease dementia.
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Introduction

Mild cognitive impairment (MCI) is a disorder that is severe enough to cause cognitive
deficits but not to significantly disrupt basic day-to-day function [1]. The most common
complaint of those with MCI is memory loss, although frequently this complaint is
accompanied by executive deficits, which can have a deleterious impact on day-to-day
activities [1]. These deficits may be subtle enough to escape detection at diagnosis. Gibbons
et al. [2] developed an Executive Function (EF) score using neuropsychological data from
the Alzheimer’s Neuroimaging Initiative (ADNI), and have reported that the EF score is a
major predictor of conversion from MCI to Alzheimer’s disease (AD), which suggests that
those with impaired executive abilities are more likely to develop AD dementia. Executive
function is the ability required to plan, organize, operate on working memory and switch
between tasks [3, 4]. It requires integrated coordination of brain regions, thereby depending
upon white matter connections. To date, studies of the white matter in AD have found
widespread decreases in fractional anisotropy (FA) in the uncinate fasciculus, fornix and
superior longitudinal fasciculus [5]. Individuals with MCI have been found to show
differences in DTI measures when compared with normal individuals, including FA in the
frontal and parietal regions [6]. In addition to tract-based analyses, in which major white
matter bundles of the brain are examined for differences in volume and diffusive properties,
the brain can be represented as a network. By looking at brain regions as ‘nodes’ of the
networks and white matter tracts as the edges, analyses of ‘network measures’ can be used to
describe how the brain is functioning as a whole. Prior studies have shown that network
changes in AD include widespread disruptions [7] and changes in topological network
organisation [8]. Executive abilities, which are known to require many distinct brain regions
working together in order to efficiently perform complex tasks, are well suited to network
analysis because of their reliance on global brain function.

The purpose of our study was to determine if structural network differences exist between
individuals with MCI that have high versus low executive abilities. In order to do this, we
used tractography calculations and network measures of white matter connectivity derived
from diffusion tensor imaging (DTI) values. We include a comparison of cortical thickness
and volume between the two groups in regions both known to undergo changes in AD
dementia [9, 10] (hippocampus, entorhinal cortex) as well as frontal regions implicated in
executive abilities. We describe how alterations in the network of white matter connections
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in the brain relate to differences in executive abilities found in individuals with MCI.
Although executive abilities and MCI have previously been linked using DTI [11], the use of
network measures to describe this relationship is not well characterised in the literature.

Materials and methods

Our study was approved by institutional review boards of all participating institutions and
written informed consent was obtained from all participants or authorised representatives.
Data used in the preparation of this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative database (adni.loni.usc.edu). The ADNI was launched in 2003 as a
public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The
primary goal of ADNI has been to test whether serial magnetic resonance imaging, positron
emission tomography, other biological markers, and clinical and neuropsychological
assessment can be combined to measure the progression of mild cognitive impairment and
early Alzheimer’s disease. The data archive was initially accessed on 25 July 2014 and on
27 March 2017, and the data archive was re-accessed to verify that no new eligible
participants had been added to the archive. The primary search criteria were: (i) diagnosis of
MCI (including early or late MCI) and (ii) no DTI scan had been carried out. The DTI scan
was added to the ADNI protocol for General Electric (GE) 3.0 T scanners in the ADNI-GO
phase of the study, which was the second phase of the study and introduced imaging as a
marker to determine who may progress to AD dementia of those diagnosed with MCI. The
ADNI database search resulted in 128 eligible participants.

The EF score, a composite score developed by Gibbons et al. [2], is a normalised score
calculated using the scores of the WAIS-R Digit Symbol Substitution, Digit Span
Backwards, Trails A and B, Category Fluency, and Clock Drawing scores. Gibbons et al. [2]
developed the EF score using 800 participants in the ADNI 1 phase of ADNI, and included
normal controls, those with AD dementia and those with MCI. The score was normalised
such that the population mean was 0 and the standard deviation was 1. The group has
provided the EF score for all subsequent participants, including those used in this study,
which is available for download from the ADNI website (adni.loni.usc.edu). Of our group of
128 included participants, the mean EF score was 0.15, with a standard deviation of 0.76.
Individuals with mild cognitive impairment with high executive abilities (MCI-highEF
participants) were classified as being one standard deviation above the group mean EF score,
resulting in 20 participants with a score above 0.91. Individuals with cognitive impairment
with low executive abilities (MCI-lowEF participants) were classified as being one standard
deviation below the group mean, resulting in 18 participants with a score below —-0.61. Five
participants from the MCI-highEF group and two participants from the MCI-lowEF group
had to be excluded because of incomplete or corrupted imaging data, resulting in 15
participants in the MCI-highEF group and 16 participants in the MCI-lowEF group.

MRI acquisition

Standard anatomical T1-weighted spoiled gradient echo sequences were acquired (256 x 256
matrix; voxel size: 1.2 x 1.0 x 1.0 mm3; inversion time [T1] = 400 ms, repetition time [TR] =
6.984 ms; echo time [TE] = 2.848 ms; flip angle = 11°) in the same session as the diffusion-
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weighted images (DWI; 256 x 256 matrix; voxel size: 2.7 x 2.7 x 2.7 mm3; TR = 9000 ms;
scan time = 9 min; more imaging details can be found at http://adni.loni.ucla.edu/wp-
content/uploads/2010/05/ADNI2_GE_3T_22.0_T2.pdf). Forty-six separate images were
acquired for each DTI scan: five T2-weighted images with no diffusion sensitization (b =0
images) and 41 diffusion-weighted images (b = 1000 s/mm?).

Cortical reconstruction and volumetric segmentation were performed for each structural scan
for each participant with the Freesurfer v5.3 image analysis suite, which is documented and
freely available for download online (http://surfer.nmr.mgh.harvard.edu/). The technical
details of these procedures are described in prior publications [12, 13]. Gyral based regions
of interest (ROIs) were constructed from the segmentation using the atlas described in
Desikan et al. [14]. The results were visually inspected for artefact or incomplete
segmentation. From the automatically segmented regions we selected four white matter
subcortical regions, including the hippocampus and amygdala, for volume comparison
between the two groups. We performed a t-test comparison of the volumes of the two
groups. We included an automated measurement of white matter hypointensity to describe
white matter damage in our analysis. We corrected for multiple comparisons using the
Bejamini-Hochberg method [15] and the number of regions compared.

Ninety-three grey and white matter ROIs from the cortex, sub-cortex, brainstem and
cerebellum were chosen from the generated segmentation labels. The DTI data were
preprocessed using Freesurfer’s dt_recon function, which performed eddy/motion correction
on the DTI files [16]. Freesurfer’s bbregister function registered the structural data files to
the DTI files [17]. Then, diffusion values for each ROI were extracted from the registered
and corrected data. Fibre tracking files of FA values were generated from the DTI data using
DSl Studio, and tract data were generated between each ROI using a seed count of 10,000,
an FA threshold of 0.0241, a turning angle of 60 and smoothing parameter of 0.3. The fibre-
tracking algorithm implemented in DSI Studio is a generalized deterministic tracking
algorithm that uses quantitative anisotropy as the termination index [18]. Tracts of size 20—
140 mm were included. A matrix was generated from the output files using a Perl script that
included the number of tracts found between each ROI, and values normalised by dividing
by seed count (10,000).

Permutation testing was conducted on the networks by shuffling the edges of each network
to construct 10,000 new random networks. While the Mini-Mental Status Exam (MMSE)
score was significantly different between the two groups, we did not control for these
differences in our analyses as MMSE contains an executive (working memory) component
and therefore is a measure strongly dependent on group assignment. The generated tract
matrices and the permutation assignments were imported into MATLAB (Release 2012b,
The MathWorks, Inc., Natick, MA, USA). The following network measures were calculated
on both the study data and the randomly generated networks: network size (total number of
edges), network density (an average of the total number of connections out of the total
possible), global efficiency (a measure of the efficiency of the network, or the inverse of the
average path length between all pairs of nodes), assortativity (the preference of nodes to
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connect to nodes that are similar) and clustering coefficient (the number of triangles
completed around a given ROI out of the number possible, or the number of neighbours of a
given ROI connected to each other). All measures except for network size were calculated
using the Brain Connectivity Toolbox in MATLAB [19]. A threshold of 0.0005 (five tracts)
between regions was used to determine the presence of an edge, and to eliminate
connections that were incorrectly generated. A t-statistic was generated by measuring the
average difference between two groups, and the p-value was calculated by comparing this t-
statistic to the t-statistics calculated on the randomly generated networks.

Freesurfer TRACULA (TRActs Constrained by UnderLying Anatomy) software was used to
perform tract-based analysis on the preprocessed DTI data [16]. Eighteen major white matter
tracts were reconstructed and calculations of FA and radial diffusivity (RD) were performed.
The MCI-highEF and MCI-lowEF groups were compared using permutation testing for each
measure. The Benjamini-Hochberg procedure to control for the false discovery rate was used
to control for number of tracts [15].

Table 1 summarises the participants’ demographic information. There were 15 participants
in the MCI-highEF group and 16 participants in the MCI-lowEF group. The average ages
between the two groups were different, with an average age of the MCI-highEF group of
70.9 years and the average age of the MCI-lowEF group of 75.9 years; however, the
difference was not significant due to the large standard deviation of both groups. MMSE
scores are significantly different between the two groups; however, this score reflects an
executive component and thus is dependent on group assignment. Table 2 demonstrates a
comparison of volume and cortical thickness. None of these measurements show significant
difference once corrected for multiple comparisons. In addition, examination of white matter
hypointensity shows extremely large standard deviation, showing that this varies widely
across both groups. Average network density, the network size and clustering coefficient of
the MCI-highEF group were significantly greater than the MCI-lowEF group (Table 3). The
t-statistic, showing the difference between the two groups, is reflected, as well as the average
of the 10,000 t-statistic permutation with the standard deviation of the generated values.
While differences in density and clustering coefficient showed a very small absolute
difference, the standard deviations of the randomly generated permutation sets are smaller.

The TRACULA processed data [16] yielded significantly higher FA values in the MCI-
highEF group in the inferior and superior longitudinal fasciculi bilaterally, and the MCI-
lowEF group showed greater RD values in the corpus callosum, left corticospinal tract, the
bilateral superior and inferior longitudinal fasciculus, and the right uncinate fasciculus. The
p-values have been corrected for multiple comparisons using the number of tracts. (Table 4;
Fig. 1).

Discussion

Our results demonstrate that individuals with greater executive abilities in the setting of MCI
have greater FA and lower RD, reflecting better white matter integrity in many of the large
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white matter tracts of the brain as well as a larger, more efficient network overall than those
with lesser executive abilities in the setting of MCI. The MCI-highEF group had on average
a larger diffusion network with greater density, global efficiency and clustering coefficient.
Examination of white matter network changes in AD dementia have shown widespread
network disruptions [7] and decreased topological organisation [8]. Decreased FA in a
number of tracts has been shown to be a marker of AD dementia, relating changes in
diffusive properties of white matter to impairment in AD dementia [20]. FA has been shown
to be less sensitive to the early changes of mild cognitive impairment [21]; however, the
significant differences that we found in FA between those with high and executive abilities
suggests that FA changes in MCI may be related to executive deficits [22]. Our study
confirms that the white matter changes found previously in AD may manifest earlier as a
function of diminished executive abilities in MCI, and that these diminished abilities are
likely to accompany early white matter changes in specific white matter tracts.

The lack of significant differences of cortical thickness and subcortical volume
measurements suggests that tract-based differences are limited to diffusive properties of the
white matter and gross structural differences are not contributing to the executive deficit
differences between these groups. While others have shown that hippocampal volume
differences may be seen between normal participants and those with MCI [9], our results
demonstrate that there are not significant differences between those with low and high
executive abilities and MCI. In addition, the lack of differences in cortical thickness in
frontal regions suggests that changes in executive abilities are related to changes in white
matter diffusivity rather than to grey matter differences. We included a measurement of
white matter hypointensity to investigate any global structural damage differences between
the two groups. We used white matter hypointensities on T1-weighted imaging in lieu of T2-
weighted white matter hyperintensities, which are thought to reflect late-stage changes after
vascular incidents [23]. The standard deviation of these groups was quite large, with a non-
uniform distribution across the entire population. The differences between the white matter
hypointensities between the two groups were not significant and previous vascular episodes
are likely non-contributory to our results.

The parietal portion of the superior longitudinal fasciculus connects the parietal region with
the frontal lobe [24]. The diffusion properties of this tract have been related to executive
abilities [3]; the decreased FA and increased RD found in the MCI-lowEF group affirms the
importance of this tract to executive function. The tractography differences noted between
the MCI-highEF group and the MCI-lowEF group in the superior longitudinal fasciculus
have been described not only in AD dementia [20], but also accompanying cognitive
impairment in Parkinson’s disease and chronic hypertension. While the pathophysiology of
these diseases may be different, it is important to note that differences in these regions
accompany similar diminished executive changes [25, 26]. As such, it may be that a
disruption in the efficiency of this tract in MCI is most indicative of whom will go on to
develop dementia. However, this was not the only tract found to be different between the two
groups. The inferior longitudinal fasciculus, as well as the right left corticospinal tract, the
forceps major of the corpus callosum and the right uncinate fasciculus all demonstrated
increased RD in the MCI-lowEF group. Gold et al. [5] described widespread increases in RD
in a pre-AD state, which may be related to breakdown of myelin. While the regions we
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found to be significantly different may not be regions traditionally thought of as being
involved in executive abilities, executive tasks can be complex enough to require the whole
brain, and these differences are likely due to global changes during disease progression.
Because we corrected for multiple comparisons, it is unlikely that these changes would be
due to chance.

Limitations of our study include a lack of correction for native abilities. It may be that some
individuals have a native stronger white matter network but this needs further investigation.
Similarly, higher pre-morbid 1Q may be the result of better network connections, another
notion that needs further investigation as this is not likely to be a simple linear relationship
given the broad-based types of education that exist. In a study of this type it is impossible to
control for the types of life experiences that are likely to have an impact on the depth and
breadth of one’s executive abilities. However, these limitations indicate why one might have
better executive abilities, not how they relate to disease.

We have described a number of measures that correlate with differences in MCI-highEF
versus MCI-lowEF. A natural next step will be to attempt to follow these changes
longitudinally to see how changes in these measures relate to a worsening of AD pathology.
Gibbons et al. [2] demonstrated that the EF score is a significant predictor of those who will
progress to AD, and our next step would be to discover if the described network measures
are similarly predictive. Our proposed technique may not only describe who may be at
increased risk for progression to AD based on white matter network measures, but also the
regional changes that contribute to executive behavioural deficits shown in MCI.
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Key Points

. The MCI high executive ability group yielded a larger network.

. The MCI high executive ability group had greater FA in numerous tracts.
. White matter reserve may confer greater protection of executive abilities.
. Loss of executive reserve may lead to greater impairment in AD dementia.
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Fig. 1.
Tract values calculated using TRACULA [16] to determine fractional anisotropy (FA) and

radial diffusivity (RD) of the 18 major tracts of the brain, represented on the MNI brain. (a)
Tractography, with tracts showing significantly greater RD in the cognitive impairment with
low executive abilities (MCI-lowEF) group shown in purple. These include the corpus
callosum-forceps major, left corticospinal tract, bilateral superior and inferior longitudinal
fasciculi, and the right uncinate fasciculus. (b) Tracts with significantly greater FA in the
mild cognitive impairment with high executive abilities (MCI-highEF) group shown in teal.
These include the bilateral inferior and superior longitudinal fasciculi
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Table 1

Population statistics for groups with mild cognitive impairment with high executive abilities (MCI-highEF)
and cognitive impairment with low executive abilities (MCI-lowEF), including gender, age and Mini-Mental
Status Examination (MMSE) score

Male Female Age (mean + SD) MMSE(mean)*

MCI-highEF 8 7 709+74 284+15
MCI-lowEF 10 6 75.9+8.9 256+1.7
p-value 0.09 9.9E-05

*
MMSE: one value missing from high EF group in Alzheimer’s Disease Neuroimaging Initiative (ADNI) database, two values missing from low
EF group
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Select mean volumes and cortical thickness of regions of interest (ROIls), with standard deviations. p-values
were adjusted using the Benjamini-Hochberg method

Left hippocampus
Left amygdala
Right hippocampus
Right amygdala

White matter hypointensities

Left caudal anterior cingulate cortex
Right caudal anterior cingulate cortex
Left caudal middle frontal cortex
Right caudal middle frontal cortex
Left entorhinal cortex

Right entorhinal cortex

Left lateral orbitofrontal cortex

Right lateral orbitofrontal cortex

Left medial orbitofrontal cortex
Right medial orbitofrontal cortex
Left rostral anterior cingulate cortex
Right rostral anterior cingulate cortex
Left superior frontal cortex

Right superior frontal cortex

MCI-highEF volume (mm?3): mean +
SD

3,676 + 661.6
1,404.2 +£238.5
3,676 + 609.6
1,647.1 +346.1
5,211.1+7,939.9
MCI-highEF Thicé(Bess (mm): mean +

2.55+0.71
2.27+0.49
3.1+0.83
249+0.4
2.24 £0.62
2.63 +£0.66
2.36 £0.34
2.51+0.25
2.21+0.88
3.33+£0.96
2.38+£0.17
2.28+0.98
2.73+0.38
2.3+0.96

MCI-lowEF volume(mm ): mean +
SD

3,128.7 £ 323.5
1,208.5+321.5
3,293.2 £529.8
1,402.2 +412.8
9,273.6 +8,527.5

MCI-lowEF Thickness(mm): mean +
SD

2.52+0.26
2.24+0.13
3.07+0.4
244 £0.17
2.22+0.15
2.66 +£0.23
2.32+0.12
2.67+0.39
2.22+0.13
3.32+0.51
2.31+0.15
2.28+0.23
2.81+0.24
231+0.11

Adjusted p-value

0.12

0.62

0.45

0.40

0.57
Adjusted p-val*

0.96
0.67
0.85
1.0
1.0
1.0
0.76
0.63
0.98
0.98
0.96
0.80
0.81
1.0

MCI-highEF Individuals with mild cognitive impairment with high executive abilities, MC-/owEF Individuals with cognitive impairment with low

executive abilities, SD standard deviation
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