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Abstract

Impairment in executive function (EF) is commonly found in Alzheimer’s Dementia (AD) and 

Mild Cognitive Impairment (MCI). Atlas-based Diffusion Tensor Imaging (DTI) methods may be 

useful in relating regional integrity to EF measures in MCI and AD.

66 participants (25 NC, 22 MCI, and 19 AD) received DTI scans and clinical evaluation. DTI 

scans were applied to a pre-segmented atlas and fractional anisotropy (FA) and mean diffusivity 

(MD) were calculated. ANOVA was used to assess group differences in frontal, parietal, and 

cerebellar regions. For regions differing between groups (p<0.01), linear regression examined the 

relationship between EF scores and regional FA and MD.

Anisotropy and diffusivity in frontal and parietal lobe white matter (WM) structures were 

associated with EF scores in MCI and only frontal lobe structures in AD. EF was more strongly 

associated with FA than MD. The relationship between EF and anisotropy and diffusivity was 

strongest in MCI. These results suggest that regional WM integrity is compromised in MCI and 

AD and that FA may be a better correlate of EF than MD.
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1.1 Introduction

Alzheimer’s Dementia (AD) is the result of a neurodegenerative disease clinically 

characterized primarily by progressive cognitive decline. While memory impairment has 

received the most focus, executive function (EF) deficits are frequently present in persons 

with mild cognitive impairment (MCI) and AD [1–7]. Impairment in EF is a key component 

of functional decline and disability in both MCI and AD [8–16] and, as such, has recently 

become the focus of more intense neurobiological research. EF refers to a broad category of 

cognitive skills commonly thought of as “higher order” or “supervisory,” whose role is to 

control and coordinate other cognitive faculties like language, memory, visuospatial ability, 

and praxis [17]. EF is thought to be associated with frontal and posterior brain regions, 

including the parietal lobes, and the cingulate cortex. [1, 2, 6, 18] Also of note, the 

cerebellar lobes are well-known to be associated with cognitive function, particularly 

executive functions including working memory, multi-tasking, and inhibition. [19] Few 

studies have examined the relationship between these brain regions and progressive EF 

deficits over the clinical course of AD.

Diffusion Tensor Imaging (DTI) is an imaging technique for the in vivo measurement of the 

white matter (WM) microstructural organization [20–22]. Fractional anisotropy (FA) and 

mean diffusivity (MD) are two measures used to quantify the integrity of WM 

microstructure by measuring the degree of anisotropy or magnitude of water diffusion in 

cerebral tissue, respectively [23–26]. Pre-segmented, atlas-based methods are promising 

approaches of examining a larger number of 3D-ROIs with high resolution [27–30].

While DTI is a potential tool for the early detection of AD, more research is needed to 

understand the utility of measuring white matter to elucidate the neural underpinnings of 

cognitive abilities. In the present study we used an atlas-based DTI method to investigate 

cross-sectional relationships between common tests of EF and multiple brain regions in 

cognitively normal controls (NC), and in MCI and AD participants. We hypothesized that 

the EF measures would associate with FA and MD in both frontal and posterior (parietal and 

cerebellar) regions. We also hypothesized that relationships between EF and FA and MD 

would be most evident in MCI patients, compared to AD or NC, because they represent a 

more heterogeneous and cognitively dynamic cohort with increased variability in cognitive 

and biological measurement.

1.2 Methods

1.2.1 Participants and study design

Participants included well-characterized community-dwelling volunteers enrolled in a study 

examining the utility of anisotropy and diffusivity measurements as biomarkers of AD 

progression. Study methods have previously been described in detail [31]. Briefly, 

participants were recruited through the Clinical Core of the Johns Hopkins Alzheimer’s 

Disease Research Center and associated Johns Hopkins clinics. Evaluations included 

medical, neurological, and psychiatric examinations. All participants received an extensive 

neuropsychological battery. Additionally, each participant received a MRI scan (detailed 
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below) and provided a blood sample. Based on this clinical information (excluding 

imaging), diagnoses of NC, MCI, or AD were made as follows. NC participants had a 

Clinical Dementia Rating (CDR) [32, 33] of 0. Participants with amnestic Mild Cognitive 

Impairment (MCI) were non-demented, had mild memory problems, a CDR = 0.5, and met 

Mayo criteria for amnestic MCI, single or multiple domains [34]. Mild AD participants had 

a CDR = 1 and met NINCDS-ADRDA criteria for probable AD [35]. All participants were 

>55 years of age, had no history of a neuropsychiatric disease other than AD, and had an 

informant who could provide information about their daily function. Informed consent was 

obtained prior to the initiation of the study in accordance with the requirements of the Johns 

Hopkins Institutional Review Board. Consent followed guidelines endorsed by the 

Alzheimer’s Association for participation of cognitively impaired individuals.

1.2.2 DTI scan acquisition and image processing

For each participant, a DTI, co-registered, double-echo fast spin echo (DE-FSE) was 

acquired using a 3T scanner (Gyroscan NT, Philips Medical Systems). The scanning 

parameters were as follows. DTI: single-shot echo-planar imaging; 30 diffusion weighting 

orientations; b-value 700 s/mm2; 50–60 gapless whole-brain axial sections of 2.2 mm 

thickness; matrix 96 × 96; field of view (FOV) 212 mm × 212 mm; zero-filled to 256 mm × 

256 mm. DE-FSE: first echo time (TE) 10.1 ms; second TE 96.0 ms; repetition time (TR) 

3,000 ms; 48 gapless whole-brain axial slices of 3 mm thickness; matrix 256 × 247; FOV 

240 mm × 210 mm; zero-filled to 256 mm × 256 mm. After the raw diffusion-weighted 

images were corrected for motion, eddy current, and B0-susceptibility distortion [36], a 

tensor field was calculated. All images were co-registered and re-sliced to 1 mm isotropic 

resolution (181 × 217 × 181 matrix). The software used for DTI image processing was 

DtiStudio (lbam.med.jhmi.edu or www.MriStudio.org). [37]

1.2.3 Normalization of the images to the JHU-MNI atlas, tissue segmentation, and 
parcellation of gray and white matter

The DTI was normalized to a JHU-MNI “eve” atlas, as previously described [38]. Briefly, 

DTI was first transformed using a 12-parameter affine transformation and then large 

deformation diffeomorphic metric mapping (LDDMM). From the normalized tensor field, 

FA and MD were calculated. The boundary of the cortex and WM was defined by an FA 

threshold of 0.25 after normalization. While this approach allows imaging of the detailed 

white matter anatomy of the participant, it also contains participant-specific anatomical 

features in the superficially located white matter. The methodological detail of the image 

transformation using LDDMM and the application to Alzheimer’s disease with substantial 

brain atrophy has been previously reported in which we demonstrated high registration 

accuracy for both normal elderly and Alzheimer’s disease individuals. Fig. 1 illustrates the 

normalization procedure. [29]

After image normalization and parcellation of gray and white matter, the JHU-MNI “eve” 

atlas (http://cmrm.med.jhmi.edu/ or http://www.slicer.org/publications/item/view/1883) was 

overlaid on each normalized image. The atlas contains 24 cortical areas and 50 subcortical 

areas in each hemisphere. In the FA analysis, 24 cortical areas were further subdivided into 
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gray and white matter regions, resulting in a total of 196 cortical and subcortical regions 

over both hemispheres.

1.2.4 Selection of neuropsychological measures of executive functioning (EF)

Participants received extensive neuropsychological testing at baseline including tests of 

episodic memory, language, and EF. Tests of EF included Trails Making Test (TMT) Parts 

A and B, and category (animals and vegetables) and letter (“F”, “A”, and “S”) verbal 

fluency. TMT A and B jointly assess attention, visual scanning and search skills, and 

psychomotor speed and coordination. [39]. Independently, TMT A assesses processing 

speed whereas TMT B assesses set switching therefore, both were included in the analysis. 

The category and letter fluency tasks evaluated semantic and phonemic verbal fluency, 

respectively [40]. Scores on each test were converted to Z scores using means and standard 

deviations from the NC group, and then averaged to create an EF composite. Subsequent 

statistical analyses were performed using this composite measure.

1.2.5 Statistical analysis

Differences in baseline characteristics between NC, MCI, and AD groups were examined 

using Fisher’s Exact Tests for categorical variables and ANOVAs for continuous variables, 

with t-tests for pairwise comparisons when a significant difference (p<0.05) was noted.

In order to test our hypothesis, and to limit the number of candidate regions examined, we 

first identified the frontal, parietal, and cerebellar lobes as broad lobar regions of interest. 

We chose these regions because current literature has supported their role in EF [1, 2, 6, 18]. 

We selected the pons as a control region because it is not known to subserve EF and is 

typically not affected in AD. We identified the 26 FA and 46 MD substructures that are 

localizable using our atlas-based method. We next used ANOVA to examine whether FA 

and MD in these ROIs differed between NC, MCI, and AD. Given the multiple areas, we 

used p<0.01 as our significance level for the three-group comparison via ANOVA. For all 

areas meeting this level, when then conducted all two-way group comparisons using a 

Bonferroni correction within each area with significant group differences. In further 

analyses, we conducted multivariate linear regression models, adjusting for age and 

education (based on the literature) in-group to examine the association between EF and FA 

and MD of each ROI.

All computations were done using STATA version 11.0 (StataCorp, College Station, TX).

1.3 Results

1.3.1 Participant characteristics

A total of 75 participants were originally recruited (25 NC, 25 MCI, and 25 AD). Images 

that did not satisfy the quality required for whole brain LDDMM, however, were omitted 

resulting in 25 NC, 22 MCI, and 19 AD for the present analyses. There were no differences 

between groups with regards to age, sex, or education [31]. As expected, AD participants 

were more cognitively impaired than those with MCI or NC on the MMSE, CDR-Global 
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and CDR sum of boxes, and other neuropsychological tests, including those measuring EF 

(Table 1).

1.3.2 Group differences on FA and MD

In the FA analyses, 8 structures significantly differed between diagnostic groups (Table 2). 

Four localized to the frontal lobes and the remaining 4 localized to the parietal lobes. The 

frontal structures included: bilateral middle frontal gyri white matter, left superior frontal 

gyrus white matter, and right inferior frontal gyrus white matter, and left lateral fronto-

orbital gyrus white matter. The parietal structures that differed between groups included: 

bilateral superior parietal gyrus white matter and bilateral angular gyrus white matter. There 

were no group differences found within the cerebellar lobes.

In the MD analyses, 12 structures significantly differed between groups: 7 structures within 

the frontal lobes, one within the parietal lobe, and three in the cingulate gyrus, which spans 

the frontal and parietal lobes (Table 3). For the frontal lobe, the following structures differed 

significantly: bilateral middle frontal gyri white matter, bilateral gyrus rectus, left superior 

and inferior frontal gyri white matter, and the left lateral fronto-orbital gyrus. The only 

parietal lobe structure found to differ between groups was the right angular gyrus. Lastly, 

the bilateral cingulate gyrus white matter and left cingulate gyrus were also found to differ 

between groups. The cerebellum was not found to differ significantly between groups for 

either FA or MD.

1.3.3 Associations between FA, MD, and EF

We next examined the association between FA or MD in each of the ROIs found to differ 

between diagnostic group and EF Z-scores using multivariate linear regression, and 

controlling for age and education. For the FA analyses, there was no association between FA 

in any ROI and EF Z-scores among the NC. However, within the MCI group, higher FA 

values in the left superior and middle frontal gyrus white matte, right inferior frontal and 

parietal lobe angular gyrus white matter were significantly associated with higher EF Z-

scores. Among AD subjects, higher FA values in the left superior frontal white matter, right 

middle and inferior frontal gyri white matter were also associated with higher EF Z-scores. 

These findings are shown in Table 4.

There were no associations between MD in any ROI and EF Z-scores among NC or AD 

patients. Among MCI patients, there was only one statistically significant association such 

that higher MD in the right cingulate gyrus white matter was associated with lower EF z-

scores.

1.4 Discussion

In this DTI study of NC, MCI, and AD participants, we examined the relationship between 

regional WM integrity (FA and MD) and measures of EF. We tested the hypothesis that loss 

of integrity in specific areas of the frontal and posterior (parietal and cerebellum) brain WM 

was associated with worse performance on tests of EF. We also hypothesized that this 

regional distribution would be most evident in the MCI group compared to AD or NC. We 

found 8 structures in the FA analyses and 12 in the MD analyses that differed between 
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diagnostic groups. When examining FA, significant relationships with EF performance were 

only found within frontal white matter among AD patients, and with both frontal and 

parietal white matter within the MCI group – a finding that supported our initial hypothesis 

that the association between EF and brain region would be strongest in the MCI group. For 

the MD analysis, the only significant EF correlation was with the right cingulate gyrus white 

matter within the AD group. Though the cerebellar lobes were included because of their 

importance in executive cognition, there was no significant group discriminability so they 

were not carried forward in the regression analysis.

The results of this study add to findings from other studies that examined relationships 

between non-atlas-based (ROI) DTI measurements and cognitive test performance. For 

example, though they only compared AD to NC, Sjöbeck, et al. [41] found that reduced 

performance on executive functioning measures correlated with frontal FA WM changes 

(MD was not assessed). Another study [42] examined the relationship between FA and two 

measures of diffusivity in normal appearing white matter and cognitive ability. They found 

that frontal FA and radial diffusivity (DR) associated best with EF while parietal DR was 

associated with visuospatial ability. However, the analysis was not stratified by group. Chen, 

et al. [43] examined the associations between FA and MD in the periventricular white matter 

(PVWM) and EF performance. They found that frontal PVWM was associated with 

performance on a verbal fluency test, the Wisconsin Card Sorting Test (WCST), and TMT 

B, while parietal PVWM was associated with perseverative errors on the WCST and TMT 

A. However, in this study, patients with MCI and AD were combined to increase statistical 

power.

Recent research has suggested that networks of brain regions connected by white matter 

tracts in a cortico-cortical fashion underpin EF specifically. In AD, impaired executive 

function is an early and important feature of the disease [44, 45]. Through the effects of the 

neurodegenerative process on several regions over time, it is hypothesized that the EF 

network is disrupted resulting in the cognitive deficits of AD. In as much as MCI reflects a 

lesser amount of pathological burden compared to AD, one might expect there to be less 

integrity loss and accordingly a more preserved network where both anterior and posterior 

regions are more preserved. Recent research using fMRI has elaborated the structure and 

function of this purported network where several regions of activity have been related to 

impaired tests of EF in different clinical populations [46–49]. Similarly, structural MRI has 

revealed both anterior and posterior (parietal) areas of cortical volume change consistent 

with performance on measures of EF in subjects with MCI and AD [1, 2]. Therefore, MCI 

can be thought of as a stage with less impairment cognitively and pathologically compared 

to AD and the results of this study add that microstructural integrity of the regions belonging 

to this network may also be an indicator of disease evolution. The results of this study, 

though not derived from an analysis of the integrity of the EF “network” as a whole suggests 

that specific anterior and posterior brain regions follow previously identified regional and 

network-related differences between diagnostic groups. Further research is needed to tie 

together these regions with such techniques as functioning imaging and structural 

tractography.
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In the present study, we found that FA was more strongly associated with EF performance 

than MD. The difference between anisotropy and diffusivity and, specifically, what each 

represents is becoming an important topic as DTI technology continues to mature and is 

applied to clinical populations. The results from our previous published work [31, 50], have 

found that MD measurements are a better indicator of cross-sectional and longitudinal 

anatomic white-matter change while FA is more strongly associated with cognitive change. 

Interpretation of this is cautioned largely because evaluation of the diffusion tensor and FA, 

in particular, is complex. Image noise, artifacts (e.g. head motion), partial volume averaging 

effects, and regions of crossing white matter fibers all potentially serve to confound simple 

interpretation of FA values. In the absence of these challenges, however, FA is a highly 

sensitive but nonspecific biomarker of microstructural architecture [51]. As a result, recent 

DTI research has also calculated mean, axial (parallel), and radial (perpendicular) 

diffusivities to provide more specific information about the diffusion tensor to be used in 

conjunction with FA measures.

Most studies employ either voxel-based or region of interest (ROI)-based approaches to 

quantify the DTI-derived measures for further statistical analyses. While these methods have 

been useful for revealing abnormalities of specific WM tracts related to diseases, their 

application to studies correlating structure and function are not straightforward. A limitation 

of voxel-based methods is the low signal-to-noise ratio that results in lower sensitivity to 

detect mild, but widespread, anatomical alterations related to neurocognitive functions [52]. 

The ROI-based approach can reasonably group voxels following anatomical structures with 

specific functions, although multiple 3D-ROIs are required to extract maximum information 

from multiple brain structures related to EF [53]. To perform whole brain analysis with no a 

priori hypothesis, voxel-based analysis is one of the most widely used approaches. 

However, this approach tends to miss the widely distributed regions that show only small 

changes in the parameters [52]. Structure-based voxel grouping, such as atlas-based analysis 

(ABA) [54] that was used in our study, is one of the attempts to overcome such limitation, 

based on the hypothesis that the white matter pathology of AD is structure-specific. The 

unique aspect of our approach is an implementation of the JHU-brain parcellation map, 

which is an only DTI atlas with fine delineation of DTI-visible white matter structures. If we 

hypothesize that the white matter pathology of AD is tract-specific, we may apply tract-

based voxel grouping, such as Tract-Based Spatial Statistics (TBSS) [55].

This study has several limitations. First, we acknowledge that we did not complete a full 

executive functioning battery. Instead, we included tests from the neuropsychological 

battery given in this study that are thought to represent elements of EF (TMT A and B, and 

verbal fluency). Future work from our group will employ a wider range of executive 

measures for analysis. Second, the atlas used in this study was not able to fully characterize 

medial frontal lobe structures. Specifically, regions of the prefrontal cortex (specifically 

orbito-frontal, dorso-lateral, and ventrolateral) have been highly regarded as active during 

executive processes, a finding that has been substantiated in other neuroimaging, particularly 

fMRI, literature [56, 57]. As atlas methods continue to develop, we hope that medial frontal 

structures, given their high level of interconnectivity, will become more analyzable with this 

method. Moreover, the lack of group discrimination within the cerebellar lobes that 
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prevented further statistical analysis can be thought of as a consequence of the previously 

discussed imaging limitations. Moreover, the smaller size of the cerebellum relative to the 

frontal and parietal lobes may have limited the detection of white matter changes. This may 

also indicate that the cerebellum is not preferentially affected with respect to white matter 

changes in MCI and AD. Further research into cerebellar white matter in aging and dementia 

will be important moving forward. Next, while our approach utilized a method (atlas-based) 

to afford a larger number of analyzable regions, we still in effect, utilized an ROI approach 

based on an a priori hypothesis that EF was related to frontal, parietal, and cerebellar 

regions. While this may be construed as a weakness, it could also be seen as a strength 

where this research is less exploratory and more hypothesis driven. Ultimately, we suggest 

that the most effective methods for this type of work will be multi-method. Finally, the use 

of the same contrasts for registration and subsequent analysis might raise a fundamental 

issue for all registration-based image analysis. In our analysis, if a patient has lowered FA in 

a specific white matter area, the segmentation results may lead to smaller volume of the area 

due to the FA decrease. This type of anatomy-intensity coupling is an important limitation 

and we need to be careful when we interpret the data. [58]

In summary, this is the first known study utilizing an atlas-based DTI method to associate 

executive function with brain WM integrity in NC, MCI, and AD participants. We provide 

evidence that the MCI group exhibited the strongest relationships in frontal and parietal 

brain regions. This finding is in line with current literature, though using other methods, that 

also suggest that frontal as well as posterior brain regions are involved in EF processes. 

Moreover, our findings indicate that FA may be a better marker of functional (cognitive) 

change than MD, but continued research in this area is necessary.
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Figure 1. 
Image transformation and normalization to atlas using LDDMM
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