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Abstract

Both the APOE ε4 and TOMM40 rs10524523 (‘523’) genes have been associated with risk for 

Alzheimer’s disease (AD) and neuroimaging biomarkers of AD. No studies have investigated 

the relationship of TOMM40’523-APOE ε4 on the structural complexity of the brain in AD 

individuals. We used a comprehensive approach to quantify brain morphology and multiple 

cortical attributes in individuals with mild cognitive impairment (MCI) and AD (n=94), then 

tested whether APOE ε4 or TOMM40 poly-T genotypes were related to AD morphological 

biomarkers in cognitively unimpaired (CU, n=148) and MCI/AD individuals. We identified several 

AD-specific phenotypes in brain morphology and found that TOMM40 poly-T short alleles are 

associated with early, AD-specific brain morphological differences in healthy aging. We observed 

decreased cortical thickness, sulcal depth and fractal dimension in CU individuals with the poly-T 

short alleles. Moreover, in MCI/AD participants, the APOE ε4 (TOMM40 L) individuals had 

a higher rate of gene-related morphological markers indicative of AD. Our data suggest that 

TOMM40’523 is associated with early brain structure variations in the precuneus, temporal and 

limbic cortices.
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1. Introduction

Late-onset Alzheimer’s disease (LOAD) is a complex and progressive neurodegenerative 

disease, and large genome-wide association studies (GWAS) have identified more than 20 

independent loci associated with AD (Bellenguez et al., 2020; Kunkle et al., 2019). The 

ε4 allele of the Apolipoprotein E gene (APOE) is located on chromosome 19 and is the 

most known genetic risk factor for LOAD (Coon et al., 2007). TOMM40, or Translocase 

of the Mitochondrial Membrane 40, is a close neighbor to APOE (2104 base pairs away) 

and in linkage disequilibrium with APOE (Lyall et al., 2013). TOMM40 is one of several 

genes on chromosome 19 (APOE, TOMM40, APOC1, APOC1PA) that are in high linkage 

disequilibrium and have interactive effects on AD risk (Kulminski et al., 2022b; Ortega-

Rojas et al., 2022). The haplotype of TOMM40, APOE, and APOC1 has been described as a 

longevity hub (Torres et al., 2022), yet there is little data to help understand how these genes 

interact independently or together in relation to AD risk.

Sequence variants in both TOMM40 and APOE have been associated with cognitive aging, 

longevity, aging-related brain structure and function biomarkers, as well as possible genetic 

contribution to the “mitochondrial cascade hypothesis” (Swerdlow and Khan, 2004, 2009). 

The mitochondrial cascade hypothesis suggests that multiple interacting factors impact 

baseline and age-related decline in mitochondrial function (Swerdlow, 2012). APOE’s 
mechanism contributing to risk for AD most likely involves mediation of cell and tissue lipid 

transport, however the APOE ε4 allele is not always a determinant for AD risk. TOMM40’s 
mechanism contributing to risk for AD is most likely a disruption of cellular bioenergetics in 

the mitochondria, but it is unclear if this contribution is independent of APOE.

A common polymorphism of TOMM40 is the TOMM40 variable length homopolymeric 

T variation, or poly-T polymorphism, at rs10524523 (“TOMM40’523”). The alleles on 

TOMM40’523 are grouped into short (S), long (L), and very long (VL) depending on the 

T length (Roses et al., 2010). A number of studies have used neuroimaging and cognitive 

measures in cognitively unimpaired (CU) individuals to tease out independent effects of 

TOMM40’523 markers of aging and risk for AD (reviewed in (Chiba-Falek et al., 2018)). 

TOMM40 poly-T allelic variations have been related to the acceleration of Alzheimer’s 

disease (Yu et al., 2017a; Yu et al., 2017b) and the VL allele has been associated with 

hippocampal thickness (Burggren et al., 2017), gray matter volume(Johnson et al., 2011), 

and cognitive decline (Caselli et al., 2012; Greenbaum et al., 2014; Hayden et al., 2012; 

Johnson et al., 2011) in APOE ε3 carriers. To complicate things, other studies have shown 

that the VL variant is associated with lower risk for AD (Cruchaga et al., 2011; Jun 

et al., 2012). Most studies have limited their sample to APOE ε3 carriers due to the 

linkage equilibrium between the L and the APOE ε4 in Caucasian samples, and most 

have focused on hippocampal volumetrics or diffusion tensor imaging of white matter with 

mixed results. Given the evidence from transcriptomic data that TOMM40 may functionally 

impact temporal cortex thickness (Varathan et al., 2022), a goal of this study was to more 

comprehensively assess effects of the APOE-“523” haplotype on regional complexity of 

cortical shape and volume in cognitively unimpaired and MCI/AD individuals.
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Structural MRI of the brain is a widely used biomarker of neurodegeneration in AD, and 

there a growing number of additional features of structural MRI that may provide more 

sensitive phenotypes to smaller genetic effects in the brain. For instance, quantification 

of local fractal dimension measures (FD) that use spherical harmonic reconstructions 

provide more detailed information about the complexity of cortical folding (Yotter et al., 

2011a; Yotter et al., 2011b). Fractal dimension can detect significant variations in structural 

complexity of gray matter in healthy aging and neurological disease, with the complexity 

decreasing with age (King et al., 2010; Liu et al., 2020; Marzi et al., 2020). Moreover, 

measurements of cortical thinning have identified distinct regional patterns in AD (Choi 

et al., 2019; Du et al., 2007), and are present in early stages of cognitive decline (Kalin 

et al., 2017). Gyrification index quantitatively measures a ratio of total pial surface area 

to superficial cortical surface area, providing a measure of cortical folding and subsequent 

changes during atrophy. Sulcal depth measures the Euclidean distance between pial and 

outer surfaces (Yun et al., 2013) and may be sensitive to the detection of MCI (Im et 

al., 2008). No previous study has investigated the relationship of APOE and TOMM40 
on the structural complexity of the brain using fractal dimension, gyrification index, or 

sulcal depth, for which there may be subtle differences in mitochondrial-related gene 

changes. Moreover, no previous study has compared the impact of TOMM40’523-APOE 
ε4 genotypes on brain imaging phenotypes in people with MCI/AD.

We aimed to use whole brain voxel-based (VBM) and surface-based morphology (SBM) 

methods test whether APOE ε4 or TOMM40 genetic variation differentially impacted 

AD-related measures of volume, cortical thickness, sulcal depth, fractal dimension, and 

gyrification index. Based on structural imaging studies on APOE ε4 and TOMM40 to date, 

we hypothesized that presence of an APOE ε4 and/or APOE ε4− TOMM40 VL allele, 

regardless of diagnosis, would be related to reduced volume, thinner cortex, shallower sulcal 

depth, reduced fractal dimension, and lower gyrification index in AD-related temporal and 

parietal regions compared to TOMM40 S-carriers.

2. Materials and Methods

2.1. Standard Protocol Approvals, Registrations, and Patient Consents

Study procedures were approved by the University of Kansas School of Medicine 

Institutional Review Board and were in accordance with U.S. federal regulations. All 

participants provided written informed consent.

2.2. Participants

Participants were recruited as part of intervention and observational studies at the University 

of Kansas Alzheimer’s Disease Center (KU ADC) and were part of the Clinical Cohort. We 

have previously reported results from these investigations (Morris et al., 2017; Morris et al., 

2020; Vidoni et al., 2015). The KUADC collects longitudinal data on a clinical cohort that 

includes over 400 individuals. The cohort includes participants with cognitive impairment as 

well as healthy cognition. Individuals who were cognitively unimpaired (CU) were included 

at age 60 and older, while individuals with AD were included regardless of age. The 

Uniform Data Set (UDS) was created in 2005 to collect standard clinical data on participants 
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from the National Institute on Aging (NIA)-supported Alzheimer’s Disease Centers (ADCs). 

The UDS is administered to ADC Clinical Cohort participants on an approximately annual 

basis.

The KU ADRC is part of the U.S. network of Alzheimer’s Disease Centers of Excellence 

that support research into brain aging and dementia. The KU ADRC has established an 

infrastructure for the identification, recruitment, and characterization of older adults both 

with and without dementia. Beginning in 2004, we developed a registry of individuals 

who have consented to be contacted regarding research studies, details of which have been 

published elsewhere (Vidoni et al., 2012). 242 participants underwent brain imaging as part 

of these ongoing observational and intervention-based studies (pre-intervention timepoint 

only) on fitness, exercise, aging and risk for AD (ClinicalTrials.gov: NCT01129115, 

NCT02000583, NCT00267124).

All participants also underwent a standard examination, which includes a thorough clinical 

and cognitive evaluation with a clinician at the KU ADC. This clinical evaluation includes 

a semi-structured interview (Clinical Dementia Rating, CDR) with the participant and 

study partner (Morris, 1993), as well as a physical and neurological examination. Clinical 

evaluation results were used to determine dementia status, which were reviewed along with 

psychometric battery results and finalized at a consensus diagnostic conference attended 

by clinicians and psychometricians using the NINCDS-ADRDA criteria as well as the 

McKann NIA-AA workgroup diagnostic guidelines (Beach et al., 2012; McKhann et al., 

2011). Diagnostic criteria for AD require the gradual onset and progression of impairment 

in memory and in at least one other cognitive and functional domain on the CDR. MCI was 

diagnosed by a clinician and verified with medical records. Individuals were excluded from 

participating if they had other neurological disorders that could impair cognition, evidence 

of bleeding disorders during screening, clinically significant disease, psychiatric disorder, 

systemic illness, stroke, or myocardial infarction.

A psychometrician administered a standard psychometric battery as described in previous 

publication (Weintraub et al., 2009). The cognitive test battery included logical memory 

IA and IIA, selective reminding test, digit span forward and backward, letter number 

sequencing, trailmaking B, category fluency, the digit symbol substitution test, and the 

interference condition from the Stroop test. As published previously, we used Mplus to 

combine test scores into cognitive domain specific factor scores using confirmatory factor 

analysis, and specific tests were organized by whether they measured attention, verbal 

memory, or executive function(Watts et al., 2019). Tests of attention included digits forward, 

digits backward, and letter-number sequencing. Tests of verbal memory included immediate 

and delayed logical memory, as well as the sum of three selective reminding trials. Tests of 

executive function assessed set maintenance and set shifting and included category fluency 

(sum of animal and vegetable categories), Stroop color word interference, trailmaking test B, 

and the digit symbol substitution test. We included domain-specific factor scores as variables 

in our demographics analysis. Other measured covariates included the Geriatric Depression 

Scale (GDS) and Mini-Mental State Examination (MMSE). We characterized ‘Age at first 
decline’ as the age identified by the clinician when the decline first began, and is not the 
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same as age of disease onset. The decline may have occurred in cognition, behavior or motor 

skills.

2.3 Family History and Genotyping Procedures

Participants completed thorough family history examinations using a standard family history 

questionnaire, as has been described elsewhere(Honea et al.; Xiong et al., 2011). Briefly, a 

family history of dementia included at least one first-degree relative whose dementia onset 

was between the ages of 60 and 80 years. Participants (or their caregivers or study partners 

in the case of those with MCI and AD) self-reported relationships, dates of birth, age at 

death, age at onset of disease, and clinical information of affected and unaffected family 

members. Participants family history data were not included if both of their parents had not 

lived to the average age at risk of Late-onset AD (i.e., 60 years) and a true code could not be 

assigned.

Determination of APOE genotype was performed by the National Cell Repository for 

Alzheimer’s Disease (NCRAD), with independent verification of selected samples by the 

KUADC Mitochondrial Genomics and Metabolism Core using a previously described allelic 

discrimination assay(Wilkins et al., 2017). TOMM40’523 genotyping was performed by 

Polymorphic DNA technologies (PDT) with independent verification performed as with 

APOE. Poly-T length reproducibility between the PDT and KUADC measurements was 

uniformly within 1 T. Blood samples for genotyping were available for 210 of the 242 

participants.

For TOMM40, the lengths of the poly-T length polymorphisms at “523” were classified as 

short (14–20 T residues; i.e. ‘S’), long (21–29 T residues, i.e., ‘L’) or very long (>29 T 

residues, i.e., ‘VL’), as has been done in the literature(Roses et al., 2010). Examination of 

poly-T length by APOE allele in this sample has been published already(Watts et al., 2019). 

For comparisons of APOE genotype, participants were categorized into two groups: those 

carrying at least one ε4 allele (ε4+) and those without any ε4 allele (ε4-). The TOMM40 
L variant is almost exclusively linked to the APOE ε4 allele while the VL and S variants 

are in strong linkage disequilibrium with APOE ε3, participants were further classified 

into the following 4 groups: those homozygous for S (TOMM40 S/S), homozygous for 

VL (TOMM40 VL/VL, excluding those with an APOE ε4 allele), heterozygous (TOMM40 
S/VL), and APOE ε4 carriers (primarily made up of TOMM40 L variant carriers).

2.4 Structural Brain Imaging Acquisition

All participants coming through neuroimaging studies at the KUADC underwent magnetic 

resonance imaging (MRI) of the brain in either a Siemens 3.0 Tesla Allegra or Skyra 

scanner. We obtained a high resolution T1-weighted image (MP-RAGE; 1×1×1mm voxels; 

TR=2500ms, TE=4.38ms, TI=1100, FOV=256X256 with 18% oversample, 1mm slice 

thickness, flip angle 8deg) for detailed anatomy with high gray-white matter contrast. We 

did cortical surface-based (estimation of cortical thickness, complexity of cortical folding 

based on fractal dimension (FD), gyrification index, and sulcal depth) analyses along with 

VBM and region of interest analyses. Every scan was checked for image artifacts and gross 

anatomical abnormalities. 242 individuals with MPRAGE scans passed quality control. The 
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overall time between the cognitive assessment and brain scans ranged from 4–6 weeks. 

There were no statistical differences in scanner type between TOMM40’523-APOE ε4 

groups, thus we did not include it as a variable of interest in our analysis.

2.5 Voxel-Based and Surface-Based Morphometry

For VBM and SBM analysis and pre-processing of T1-weighted images, we used 

the Computational Anatomical Toolbox 12 (CAT12 Version 12.6, C. Gaser, Structural 

Brain Mapping Group, Jena University Hospital, Jena, Germany; http://dbm.neuro.uni-

jena.de/cat/) through Statistical Parametric Mapping version 12 (SPM12; Wellcome Trust 

Centre for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/spm/software/spm12/)) 

that operate under Matlab (R2019b) (the Mathworks, Natick, MA) on Mac. This was used 

for brain volume (VBM), and surface-based measures such as cortical thickness (CT), 

sulcal density (SD), GI (gyrification index) and fractal dimension (FD). All the SBM 

procedures (http://www.neuro.uni-jena.de/cat12/CAT12-Manual.pdf) were conducted using 

default settings.

T1 images were corrected for bias-field inhomogeneities, registered using linear (12-

parameter affine) and non-linear transformations, spatially normalized using the high-

dimensional DARTEL algorithm into MNI space(Ashburner, 2007), and segmented into 

gray matter (GM), white matter (WM), cerebrospinal fluid (CSF) and white matter 

hyperintensity (WMH). We calculated total intracranial volume (TIV) using total gray, 

white, and CSF volumes. We used TIV, and TIV-adjusted GM, WM, and WMH in 

our comparison between diagnostic groups and TOMM40’523-APOE ε4 haplogroups. 

The amount of volume changes were scaled, in order to retain the original local 

volumes (modulating the segmentations) (Good et al., 2001). The modulated gray matter 

segmentations were smoothed using a 10 × 10 × 10 mm full-width at half-maximum 

Gaussian kernel prior to group level voxel-wise analysis.

2.5.1 VBM- Statistical Analysis—For all analyses, voxels are reported with reference 

to the MNI standard space within SPM12. To avoid possible edge effects at the border 

between GM and WM and to include only relatively homogeneous voxels, we used an 

absolute threshold masking of 0.10 for each analysis. In order to investigate associations 

between TOMM40’523-APOE ε4 groups and gray matter volume differences we included 

age, sex, and total intracranial volume (TIV), as variables of no interest in our full factorial 

model. Statistics were done in imaging space across all voxels. A full-factorial analysis was 

done comparing 1) CU and CI groups, 2) the 4 genotype groups within CU individuals and 

3) the 4 genotype groups within CI individuals. The statistical threshold was set at Pheight < 

0.05, family wise error (FWE) corrected, with a minimum cluster size of 100 voxels (k>100) 

for all analyses. Anatomical labeling from the Wakeforest Pickatlas AAL atlas was used to 

identify peak coordinate regions.

2.5.2 SBM- Statistical Analysis—We followed the workflow specified in CAT12 

(Dahnke et al., 2013). This workflow comprises tissue segmentation to estimate the white 

matter distance from gray matter, which is then used to project the local maxima to other 

gray matter voxels. Resampled surface data for cortical thickness (CT), fractal dimension 
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(FD) and sulcal depth (SD) were smoothed using a 15mm FWHM kernel, and data for 

gyrification were smoothed using a 20mm FWHM kernel, prior to 2nd level analyses. In 

2nd level between-group t-tests we computed vertex-wise analyses across each hemisphere. 

A full-factorial analysis was done comparing 1) CU and CI groups, 2) the 4 genotype 

groups within CU individuals and 3) the 4 genotype groups within CI individuals. Statistical 

significance was based on FWE corrected cluster-level and/or peak level threshold of p<.05 

with a cluster extent threshold of 50 vertices. Clusters surviving the uncorrected peak 

threshold at p<.001 were also included in our results given the exploratory nature of this 

analysis. The Desikan-Killiany (Desikan et al., 2006) atlas was used for SBM to extract 

mean regional values from the processed images after voxel-wise analysis.

2.6 Statistical Analyses- Demographic and Sample Characteristics

SPSS 22.0 (IBM Corp., Armonk, NY) was used for the statistical analyses performed 

outside of imaging space. Continuous demographic, cognitive, and volumetric imaging 

variables (dependent variables) were compared first between the diagnostic groups (CU 

and MCI/AD combined), then between the TOMM40’523-APOE ε4 groups within the CU 

sample (the independent variables) using the one-way multivariate analysis of covariance 

(MANCOVA) for the descriptive statistics. A chi-square analysis was used to compare 

categorical demographic variables between groups. Cohen’s κ coefficients (Cohen, 1960) 

evaluated the concordance between APOE ε4 and TOMM40’523-L genotypes. We included 

participants’ age, sex, and years of education as covariates in the MANCOVA when testing 

factor cognitive scores and brain volumes. Raw p-values <0.05 were considered to be 

nominally significant.

3. Results

3.1 Demographics and Group Tables

Diagnostic groups were not significantly different in mean age, education, and geriatric 

depression scale scores (GDS). Diagnostic groups were significantly different in MMSE, 

CDR, sex, cognitive factor scores in verbal, attention, and executive function domains, and 

overall normalized brain volumes (Table 1). There was no significant difference between 

family history positivity between the groups.

In the total sample across all diagnostic groups, APOE had genotype frequencies of: ε2/ε2 

= 3 (1.2%), ε2/ε3 = 24 (9.9%), ε3/ε3 = 121 (50%), ε3/ε4 = 74 (30.6%), ε2/ε4 = 3 

(1.2%), ε4/ε4 = 17 (7%) (total = 242). TOMM40’523 had genotype frequencies of S/S = 

38 (15.7%), S/L = 34 (14%), S/VL = 57 (23.6%), L/L = 13 (5.4%), L/VL = 24 (9.9%), 

VL/VL = 28 (11.6%) (Histogram of distribution shown in Figure 1). The frequencies of 

APOE and TOMM40’523 genotypes for individuals with both genotypes, broken down by 

APOE ε4, are shown on Table 2. Consistent with linkage between ε4 and ‘523-L, very few 

of the ε4-non carriers had a ‘523-L (1.7%), whereas 89.6% of the ε4 carriers had an ‘523-L. 

The classification was highly concordant (Cohen’s κ = .899, standard error =.031). As 

expected, there was a significantly higher (p<.001) proportion of ε4-Carriers in individuals 

with MCI/AD (53%) than in individuals who were CU (29%).
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In the CU sample used for VBM and SBM analysis, TOMM40’523-APOE ε4 genotype 

groups were significantly different in age (ε4− S/S older than ε4+ group, p=.01) and 

education (ε4+ group had fewer years of education than the VL/VL group, p=.032, Table 3). 

Genotype groups were not significantly different in sex, MMSE, GDS score, family history, 

verbal memory, attention, and executive function factor score. There were no significant 

differences in overall brain volumes except for TIV-adjusted white matter volume (ε4− 

VL/VL group had significantly less white matter volume than the ε4− S/VL group, p=.049).

In the MCI/AD sample used for VBM and SBM analysis, TOMM40’523-APOE ε4 

genotype groups were not significantly different in age, education, sex, or GDS Score. 

There was a significant difference between the groups on MMSE score (E4 group had lower 

MMSE than the ε4− S/VL group, p=.049 Bonferroni corrected, Table 4). Genotype groups 

were not significantly different on Attention and Executive Function factor scores, however 

there was a significant (p=.049) difference in Verbal Memory Factor with the ε4+ group 

having the lowest scores. There were no significant differences in age at first cognitive 

decline, however notably the ε4− S/S group had a younger age of decline (65.6) than the 

other groups. There were no significant differences in overall brain volumes between the 

groups.

3.2 Voxel and Surface Based Morphometry between Diagnostic groups

In the voxel-based analysis of gray matter volume across all diagnostic groups, we found 

that individuals with MCI/ AD (Table 5) had significantly decreased volume in the 

medial temporal complex, specifically the left parahippocampal gyrus and hippocampus, 

the bilateral temporal cortex and bilateral middle frontal cortex (Table 5, Figure 2A; p<.05 

FWE corrected). The most powerful surface-based phenotype for discriminating between 

participant groups based on number of clusters and T-score in our sample was cortical 

thickness (CT), which was decreased in people with AD in the bilateral parahippocampal 

gyrus, bilateral precuneus, superior temporal and inferior temporal cortices, precentral and 

paracentral gyrus, and the middle frontal gyrus (Table 5, Figure 2E; p<.05 FWE corrected). 

Individuals with MCI/AD had decreases of sulcal depth (SD) in primarily the left and right 

parahippocampal gyrus, right superior temporal gyrus, and insula (Table 5, Figure 2D; p<.05 

FWE corrected). Individuals with MCI/AD had a significantly smaller gyrification index in 

the insula, but a larger gyrification index in the left parahippocampal gyrus than CU (Table 

5, Figure 2C; p<.05 FWE corrected). Individuals with AD had less fractal dimension (or less 

cortical complexity) in the right rectal gyrus, the posterior cingulate, the bilateral insula, and 

right middle frontal gyrus (Table 5, Figure 2B; p<.05 FWE corrected).

3.3. Voxel and Surface Based Morphometry between TOMM40’523- APOE ε4 groups in CU 
individuals

In the voxel-based analysis of gray matter volume there were no significant differences 

between TOMM40’523-APOE ε4 groups (Figure 3A, Table 6). In our analysis of fractal 

dimension (or cortical complexity), S/S individuals had significantly decreased fractal 

dimension in the right superior parietal cortex (AD phenotype) compared to VL-carriers 

(p=.046, peak T=3.46 k=274) (Figure 3B and Table 6). TOMM40’523 S-carriers had 

significantly decreased sulcal depth in the right precentral right precentral gyrus compared 
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to VL/VL individuals (p=.048, peak T=3.42, k=297). The most significant finding was 

decreased sulcal depth in the left posterior cingulate at in TOMM40’523 S/S individuals 

(p<.000, peak T=3.77, k=823) (Figure 3D, Table 6). TOMM40’523 S-carriers had a 

significant decrease in cortical thickness compared to APOE ε4+ and VL/VL carriers in 

the left fusiform gyrus at a cluster level FWE corrected significance (p=.019, peak T=3.80, 

k=426), like the AD phenotype (Figure 3E, Table 6). There were no significant differences 

in gyrification index between TOMM40’523-APOE ε4 groups.

3.4. Voxel and Surface Based Morphometry between TOMM40’523- APOE ε4 groups in 
MCI/AD

For all voxel and surface-based morphometry analyses, statistics were done in imaging space 

across all voxels and vertices, controlling for age, sex, education, and in the volume-based 

analysis for TICV as well. A full-factorial analysis was done comparing each genotype 

group within MCI/AD individuals, only FWE-corrected significant results are reported. 

In the voxel-based analysis of gray matter volume APOE ε4 positive individuals had 

significantly decreased volume in the right superior parietal cortex (p=.031, peak T=4.79, 

k=134), a larger cluster centering around the right superior temporal gyrus and medial 

temporal cortex (p=.003, peak T=4.54, k=3351), and a large cluster in the precuneus cortex 

(p=.011, peak T=4.42, k=3369) compared to TOMM40’523 S/S individuals. APOE ε4+ 

individuals also had significantly lower volume in the right angular gyrus compared to 

TOMM40’523 S-carriers (p=.001, peak T=5.06, k=3992) (Figure 4A, Table 7).

In our analysis of cortical thickness, APOE ε4+ MCI/AD individuals had significantly 

thinner cortex at the left postcentral gyrus (p=.035, peak T=4.19, k=171), the right 

postcentral gyrus (p<.000, peak T=4.12, k=516), and the right inferior parietal cortex 

(p=.034, peak T=4.11, k=172) compared to all other groups (Figure 4E, Table 7). In our 

analysis of gyrification index, APOE ε4+ MCI/AD individuals had significantly increased 

gyrification in the left superior temporal gyrus compared to APOE ε4− S/S and VL/VL 

individuals (p=.027, peak T=4.11, k=464), and also increased gyrification in the left inferior 

frontal gyrus (p=.048, peak T=4.18, k=416) and left middle temporal gyrus (p=.003, peak 

T=3.94, k=641) compared to TOMM40’523 S-carriers. In our analysis of fractal dimension, 

there were no significant decreases in the APOE ε4+ group, however TOMM40’523 VL/VL 

individuals had significantly decreased fractal dimension in the left precentral (p=.025, 

peak T=3.82, k=141) and left postcentral (p=.009, peak T=4.35, k=160) gyri compared to S-

carriers. There were no significant differences in sulcal depth between TOMM40’523-APOE 
ε4 groups.

4. Discussion

In this study, we sought to characterize 5 morphological biomarkers of cortical complexity 

in a large sample, then investigate the relationship of APOE and TOMM40’523 on these 

biomarkers in CU and CI individuals. We identified several AD-specific phenotypes in brain 

morphology and found that healthy aging individuals with TOMM40’523 poly-T S alleles 

have more AD-related biomarkers of cortical complexity than those with APOE ε4 and 

TOMM40 VL alleles. While APOE ε4 was not significantly associated with brain structure 
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in CU individuals, we did find that APOEε4+ MCI/AD individuals had significantly 

decreased temporal and parietal volume, cortical thickness, and fractal dimension as well 

as increased gyrification index in the frontal and temporal cortices compared to ε4 negative 

TOMM40’523 S and VL carriers.

Multiple processed data types from MPRAGE have become standard AD biomarkers, 

namely gray matter volume and thickness, as regional variations in atrophy mark 

progression of the disease (Choi et al., 2019; Du et al., 2007). Fewer studies have quantified 

cortical complexity in MCI and AD using gyrification index, fractal dimension, and sulcal 

depth. A recent study (Choi et al., 2019) compared thickness and gyrification index metrices 

across a spectrum of AD individuals and found that cortical thickness may be preferable to 

gyrification index in characterizing structural change in AD-related cognitive decline. In our 

analysis, voxel-wise cortical thickness measurements captured more significant differences 

in temporal and limbic regions between diagnosis groups, with gyrification index identifying 

diagnostic differences in smaller clusters in the insula and parahippocampal gyrus. Our data 

fit with previous studies showing regional patterns of cortical thinning in AD across the 

medial temporal, superior temporal, and parietal cortices (Kalin et al., 2017). We identified 

significant widening measured by gyrification index in the parahippocampal gyrus in AD 

compared to CU individuals, which was also found in Ruiz et al., 2017 (Ruiz de Miras 

et al., 2017). Individuals with AD also had decreased fractal dimension compared to CU 

individuals in the cingulate, insula, rectal gyrus, and middle frontal cortex, the same regions 

of fractal dimension differences as a recent report (Nicastro et al., 2020). Fractal dimension 

may be more sensitive to structural differences in AD than gyrification index because it is 

scale-free (Chen et al., 2020; Madan and Kensinger, 2016), and the complexity and folding 

of the brain decreases with age (King et al., 2010; Liu et al., 2020; Marzi et al., 2020).

Our data contribute to a growing literature supporting the role of TOMM40 variant repeat 

length in cortical complexity of the brain in limbic and temporal, and precuneus cortices 

in the preclinical phase. Our results are supported by other studies showing an association 

of rs10524523 and risk of LOAD in individuals with a short TOMM40 Poly-T allele 

(Cruchaga et al., 2011). There have also been a number of studies in cognitively unimpaired 

individuals assessing the relationship of TOMM40’523 Poly-T alleles to CSF, imaging, 

cognitive, and mitochondrial function. Chiba-Falek et al., reviewed effects of TOMM40’523 
Poly-T alleles on Alzheimer’s imaging phenotypes in healthy individuals and found that 

the VL allele may effect brain regions affected early in AD (Chiba-Falek et al., 2018). 

However, the two studies they reference had a younger sample than ours (mean age 55 

(Burggren et al., 2017) and 63 (Johnson et al., 2011)), and no studies have yet used metrics 

of shape complexity, which may capture more subtle, age and disease related variations in 

the brain (Ziukelis et al., 2022). A recent study found significant gene-AD association in 

several SNPs of TOMM40 with cortical thickness in the temporal lobe, adding functional 

support for the role of TOMM40 in cortical morphometry changes leading to AD (Varathan 

et al., 2022). We also found decreased cortical thickness in the temporal cortex in CU 

TOMM40 S/S individuals. Moreover, a study using PET tau and amyloid binding found that 

S/VL individuals had greater binding in the medial temporal lobe (MTL), which may point 

towards a preclinical change (Siddarth et al., 2018). Our analysis of sulcal depth and fractal 

dimension both identified decreases in the metabolic hub of the parietal cortex and posterior 
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cingulate in APOE ε3 individuals with a TOMM40 S allele. SNPs in the TOMM40 gene 

associated with AD have also been shown to mediate gene expression and DNA methylation 

in the prefrontal cortex (Marioni et al., 2018). Decreases in fractal dimension have been 

reported in the parietal and posterior cingulate associated with risk for AD, as well as with 

cognitive decline (Kinno et al., 2017; Ruiz de Miras et al., 2017).

Imaging results from this current study support our previous association between TOMM40 
S alleles with worse cognitive performance in the absence of APOE ε4, and regardless of 

clinical status (Watts et al., 2019). Presence of the TOMM40’523 S in APOE ε3 individuals 

has also been shown to impact rate of cognitive decline in Parkinson’s disease and 

Parkinson’s disease dementia (Bakeberg et al., 2021). Finally, we did not find a significant 

difference in brain morphometry between APOE ε4 and APOE ε3 CU individuals. Our 

current findings are in line with other studies have shown that APOE ε4 may not impact 

limbic volume in cognitively unimpaired individuals (Morra et al., 2009; Protas et al., 2013).

No studies have investigated the relationship of TOMM40’523 on the structural complexity 

of the brain in MCI/AD individuals, however there is a large amount of data supporting 

the data that APOE ε4 impacts brain structure and is associated with multiple facets 

of AD pathology (Yamazaki et al., 2019). In our analysis, MCI/AD individuals with an 

APOE ε4 had more brain degeneration across multiple measures of cortical complexity. 

APOE ε4 carriers with cognitive impairment had significantly decreased volume cortical 

thickness, and increased gyrification index in the superior and middle temporal, inferior 

parietal, precuneus and postcentral gyri. Our results point to APOE-related differences in 

these regions that are beginning to change cortically after cognitive decline has occurred, 

and possibly further along in a temporal trajectory. It is also important to consider that the 

analysis of genetic effects in MCI and AD groups may also be confounded by the effects of 

disease pathology, stage and progression, and APOE-related differences presented here may 

also just reflect degree of progression differences. That said, a recent large database study 

characterized the temporal evolution of AD biomarkers across the lifespan (18–103) and 

between APOE ε4 groups, and their findings demonstrate a variety of temporal trajectories 

of decline across biomarkers and ε4− and ε4+ groups, primarily showing that the presence 

of an ε4+ may increase the rates of brain atrophy (Luo et al., 2022).

Ours and others’ analyses of the APOE ε3-TOMM40’523 cis-haplotypes argue for the 

relevance of these two adjacent genes to the clinical expression of AD. There is growing 

evidence that APOE and TOMM40 genes work interactively on Chromosome 19 to impact 

downstream mitochondrial metabolic function in aging (Caselli et al., 2012). TOMM40 
and APOC1 genes modulate the effect of the APOE ε4, and this interplay of genes may 

explain the differing roles of Aβ and Tau in the pathology of AD, as well as the age of 

onset (Kulminski et al., 2022a; Lutz et al., 2010). Our analysis in aging individuals shows 

that TOMM40 S (or APOE ε3) has an impact on the brain, perhaps at a developmental 

level or during physiologic brain aging, that this does not necessarily result in increased 

risk for AD. While our data is not longitudinal and does not show conversion rates to 

AD, we do present data showing that once an individual is cognitively impaired, having an 

APOE ε4 negatively impacts neurodegeneration. What will be key to tease out will be the 

epigenetic mechanisms, or perhaps promotor-enhancer relationships with nearby genes on 
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chromosome 19, through which the toxicity that APOE ε4 expression becomes an active 

part of neurodegeneration.

4.1 Study Limitations

We are limited by the cross-sectional nature of the design of this observational study and 

cannot infer causality or longitudinal risk based on these results. There were a higher than 

normal (global prevalence 8%, http://www.alzgene.org/meta.asp?geneID=83) proportion of 

APOE ε2/ε2 (n=2) and APOE ε3/ε2 (n=7) in our cognitively unimpaired sample who had 

a TOMM40’523 S/VL genotype, making up 22% of this TOMM40’523 group. Both the 

APOE ε3/ε2 and ε2/ε2 are uncommon genotypes in Caucasian AD patients (4%) (http://

www.alzgene.org/meta.asp?geneID=83). This might have contributed to a more protective 

phenotype, a.k.a. healthier brain morphometry with less AD-related change. However, these 

proportions of the ε3/ε2 and ε2/ε2 genotypes within an aging/AD cohort sample are similar 

to another TOMM40 published study from the ADNI dataset in which, among 365 APOE 
ε4− individuals, they had 60 APOE ε2/ε2 or ε3/ε2, making up 16% of their sample 

(Willette et al., 2017). In fact, individuals with an APOE ε2 allele have been included in 

the majority of brain imaging studies on the TOMM40’523APOEε4 haplotype (Bruno et 

al., 2012a; Bruno et al., 2012b; Burggren et al., 2017; Lyall et al., 2014a, b; Lyall et al., 

2015; Lyall et al., 2013; Yu et al., 2017b). While the presence of an APOE ε2 allele has 

been shown to possibly increase the age of onset of AD, studies that have directly looked 

for effects of the ε2 allele have not found effects on hippocampal volume, white matter tract 

integrity, or change in cognition in aging (Lyall et al., 2014a; Lyall et al., 2013; Payton et al., 

2016; Willette et al., 2017). While the data here are too small to investigate ε2 allele groups 

separately, a future study in a larger dataset of participants with neuroimaging and TOMM40 

data would be a useful analysis.

While one of the main strengths of our study is our well-characterized cohort of patients 

across a spectrum of cognitive decline, we had a small sample of ε4− MCI/AD individuals 

with a TOMM40’523 S/S or VL/VL genotype. We tried to overcome this limitation by 

adjusting for several confounding factors and applying multiple test corrections, however 

given the complete lack of imaging studies of the TOMM40’523APOEε4 haplotype in 

MCI/AD individuals we felt it important to include these analyses. We chose to combine 

MCI and AD individuals to increase our power in this unique analysis, however in doing 

so we may have added heterogeneity of cognitive decline into the analysis. That said, our 

center uses strict criteria for diagnosis of MCI and AD (in Methods), and when looking at 

the larger picture of our MCI individuals longitudinal data, we know that 66% of our MCI 

sample have since converted to AD (12 out of 18), possibly more will, and thus the majority 

of our MCI individuals are in a state of early AD. That said, an additional limitation to our 

study is the lack of diagnostic confirmation with CSF or PET biomarkers.

The KUADRC Clinical cohort is primarily Caucasian who typically show tight linkage 

disequilibrium between APOE ε4 and TOMM40’523 L alleles, which is evidenced in this 

sample. Therefore, we could not test the independent contributions of the TOMM40’523 
long allele and APOE ε4, however another study in an African American cohort with less 
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linkage disequilibrium between the TOMM40’523 long allele and APOE ε4 has reported 

unique varying levels of haplotype contributions incident dementia(Yu et al., 2017b).

5. Conclusion

Our study is the first to use comprehensive morphological analysis techniques to show 

varying levels of impact of TOMM40’523 and APOE ε4 genotypes on AD-related brain 

phenotypes across the spectrum of disease. As expected, we found that APOEε4+ MCI/AD 

(TOMM40 L) individuals had a higher rate of gene-related significant morphological 

markers indicative of AD. We also found that TOMM40’523 short variants were related to 

reduced cortical thickness, sulcal depth, gyrification, and fractal dimension in the precuneus, 

limbic regions, and temporal cortex in cognitively unimpaired individuals negative for an 

APOE ε4 genotype. This is especially interesting as the precuneus has been identified 

in other studies, and it may be particularly sensitive to dysfunction in bioenergetic 

changes associated with faulty mitochondria. This adds to a growing literature implicating 

TOMM40’523 and mitochondrial function in late-onset Alzheimer’s disease progression. 

Identifying APOE ε3 TOMM40 S-carrying individuals in those at risk for AD is key for 

understanding the complexities of genetic risk outside of the primary focus of APOE ε4.
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Figure 1. 
T-repeat distribution of TOMM40’523 poly-T lengths counts classified into short ((14–20 T 

residues; i.e. ‘S’), long (21–29 T residues, i.e., ‘L’) or very long (>29 T residues, i.e., ‘VL’).
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Figure 2. 
Brain regions showing significant differences in volume (A), fractal dimension (B), 

gyrification index (C), sulcal depth (D), and cortical thickness (E), between CU and 

dementia groups. The results were FWE-corrected p<.05 with a cluster extent threshold 

of 100 voxels or vertices, controlling for age, sex, education and TICV (TICV was only used 

as a covariate in the Volume (A) analysis, not for surfaces). For Volume (A), yellow color 

indicates regions with a significant reduction volume in MCI/AD compared with CU, with 

a T-value of 3 being red and yellow being a 14 on the color bar. For fractal dimension (B), 

sulcal depth (D), and cortical thickness (E) a turquoise to yellow to red indicates the level 

of significance for a decrease in fractal dimension, sulcal depth, and cortical thickness in 

MCI/AD compared to CU. Gyrification index measures were found to be both significantly 

decreased (blue, bilateral parahippocampal gyrus)
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Figure 3. 
Brain regions showing significant differences in volume (A), fractal dimension (B), 

gyrification index (C), sulcal depth (D), and cortical thickness (E), between CU 

TOMM40’523-APOE ε4 groups. The results were FWE-corrected p<.05 with a cluster 

extent threshold of 100 voxels or vertexes, controlling for age, sex, and education. Yellow to 

red indicate significant decrease in morphology in fractal dimension (B), sulcal depth (D), 

and cortical thickness (E). We found significantly reduced cortical thickness, sulcal depth, 

and fractal dimension in individuals with an S/S compared to VL/VL, and APOEε4 groups. 

L; left, R; right, n.s.; not significant at our threshold. Color to be used in print.
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Figure 4. 
Brain regions showing significant differences in volume (A), fractal dimension (B), 

gyrification index (C), sulcal depth (D), and cortical thickness (E), between MCI/AD 

TOMM40’523-APOE ε4 groups. The results were FWE-corrected p<.05 with a cluster 

extent threshold of 100 voxels or vertexes, controlling for age, sex, and education. Yellow 

color indicates regions with a significant reduction in volume (A), Red indicated significant 

decrease in morphology in fractal dimension (B), sulcal depth (D), and cortical thickness 

(E), and blue indicates a significant increase in gyrification (C). Volume in the precuneus, 

gyrification in the temporal cortex and cortical thickness in the precuneus were significantly 

lower in the APOEε4 group. Individuals with a VL/VL had significantly decreased fractal 

dimension. L; left, R; right. n.s.; not significant at our threshold. Color to be used in print.
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Table 1

Sample Participant Characteristics by Diagnosis

CU MCI/AD p-value Effect size

N=242 148 94

Years of Age (SD) 74.5 (6.1) 74.1 (7.4) 0.688 0.001

Education (years) 16.4 (2.9) 15.88 (3.2) 0.206 0.007

Sex (M/F) 58/90 57/37 0.001 0.209

MMSE 29.21 (.985) 24.82 (3.7) <.001 0.431

CDR (0/.5/1.0/2.0) 148/0/0/0 12/50/29/2 <.001 0.898

GDS Score .973 (1.6) 1.04 (1.6) 0.743 0.000

Verbal Memory Factor 1.04 (.89) −1.51 (1.3) <.001 0.577

Attention Factor .264 (.38) −.37 (.63) <.001 0.291

Executive Function Factor .551 (.57) −.92 (.96) <.001 0.483

Total Intracranial Volume (TIV, mm3) 1383.46 (146) 1397.14 (150.8) 0.485 0.002

Gray Matter Volume, TIV adjusted (mm3) .404 (.03) .373 (.03) <.001 0.245

White Matter Volume, TIV adjusted (mm3) .338 (.02) .327 (.03) <.001 0.048

White Matter Hyperintensity (mm3) 5.19 (7.9) 7.6 (8.7) 0.023 0.021

FH (−/FHm/FHp/FHboth) (N=124) 28/29/11/12 18/15/6/5 0.901 0.068

FH (−/+) (N=124) 29/52 18/26 0.515 0.059

 TOMM40/APOE Haplotype (N=210)

APOEε4 Carrier (−/+) 105/43 44/50 <.001 0.242

ε4− S/S: ε4− S/VL: ε4− VL/VL: ε4+ Carrier 29/40/17/43 7/16/8/50 <.001 0.288

Demographic, neuropsychological, and MRI characteristics of the overall diagnostic groups. Values are mean (SD (standard deviation)) except for 
sex and age range. Effect sizes indicating differences among the groups were calculated partial eta2 for ANOVA, and Cramer’s V for Pearson 
Chi-Square which was used for categorical variables. R; Right, L; Left, FH; family history of dementia, +; positive family history of dementia, −; 
negative family history of dementia, M; male, F; female, TIV; Total Intracranial Volume, mm; millimeter, MMSE; Mini-Mental Status Exam, GDS; 
Geriatric Depression Score, N; number, FHm; maternal family history of dementia, FHp; paternal family history of dementia, FHboth; maternal 
and paternal family history of dementia. For p indicating the level of significance compared with CU group are

*
p< 0.05;

**
p < 0.01,

***
p<0.001.
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Table 2

Sample distribution counts of TOMM40’523 poly-T lengths and APOE ε4 genotypes by APOE ε4 across 

whole sample

APOE Genotype

Non ε4 carriers ε4 carriers

TOMM40’523 Genotype 22 32 33 Frequency % 34 42 44 Frequency % Total

S/S 0 7 28 35 29.9 1 1 1 3 3.9 38

S/L 0 0 0 0 0 33 1 0 34 44.2 34

L/L 0 0 0 0 0 0 0 13 13 16.8 13

L/VL 0 0 2 2 1.7 19 1 2 22 28.6 24

S/VL 2 11 42 55 47 2 0 0 2 2.6 57

VL/VL 0 3 22 25 21.4 3 0 0 3 3.9 28

Total 2 21 94 117 100 58 3 16 77 100 194
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Table 3

Demographic variables for CU TOMM40’523-APOE genotype groups

CU Individuals from VBM and SBM analysis ε4− S/S ε4−S/VL ε4− VL/VL ε4+ p value Effect Size

N=129 29 40 17 43

Years of Age (SD) 76.7 (5.9) 73.6 (5.5) 76.2 (7.5) 73.2 (4.9) 0.032 0.068

Education (years) 16.5 (3.3) 16.5 (2.5) 17.9 (3.1) 15.2 (2.8) 0.01 0.086

Sex (M/F) 13/16 14/26 12-May 15/28 0.723 0.101

MMSE 29.17 (.928) 29.50 (.751) 29.06 (1.1) 29.14 (.99) 0.99 0.034

GDS Score .82 (1.3) 1.2 (2.1) .47 (.72) 1.0 (1.5) 0.233 0.034

Verbal Memory Factor .95 (.95) 1.29 (.86) .83 (1.03) 1.03 (.79) 0.296 0.03

Attention Factor .235 (.33) .229 (.39) .379 (.48) .286 (.37) 0.408 0.023

Executive Function Factor .66 (.55) .49 (.62) .63 (.68) .57 (.51) 0.198 0.037

Total Intracranial Volume (mm3) 1403 (160) 1364 (157) 1402 (139) 1367 (136) 0.566 0.016

Gray Matter Volume, TIV adjusted (mm3) .397 (.02) .408 (.03) .401 (.02) .210 (.03) 0.746 0.01

White Matter Volume, TIV adjusted (mm3) .336 (.02) .346 (.02) .327 (.02) .338 (.02) 0.049 0.062

White Matter Hyperintensity (mm3) 7.1 (10.2) 3.5 (2.9) 7.2 (11.4) 3.6 (3.6) 0.273 0.031

FH (FH+/FH-) 9-Jun 13/9 4-Aug 21/5 0.066 .031

Demographic, neuropsychological, and MRI characteristics of the CU individuals from the VBM and SBM analysis. Values are mean (SD 

(standard deviation)) except for sex and age range. Effect sizes indicating differences among the groups were calculated partial eta2 for ANOVA, 
and Cramer’s V for Pearson Chi-Square which was used for categorical variables, and covariates included age, sex, and education for univariate 
analysis. R; Right, L; Left, FH; family history of dementia, FH+; positive family history of dementia, FH−; negative family history of dementia, M; 
male, F; female, TIV; Total Intracranial Volume, mm; millimeter, MMSE; Mini-Mental Status Exam, GDS; Geriatric Depression Score, N; number. 
Significant values in bold.
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Table 4

Demographic variables for Cognitively Impaired (MCI/AD) TOMM40’523-APOE genotype groups

MCI/AD Individuals from VBM and SBM analysis ε4− S/S ε4− S/VL ε4− VL/VL ε4−+ p value Effect Size

N=81 7 16 8 50

Years of Age (SD) 74.4 (6.5) 76.4 (8.6) 76.7 (5.6) 73.2 (7.3) 0.306 0.047

Education (years) 17.1 (1.2) 15.3 (3.2) 16.3 (4.5) 15.5 (3.1) 0.642 0.022

Sex (M/F) 5/2 11/5 7/1 26/24 0.077 0.242

MMSE 26.71 (2.7) 26.56 (2.5) 25.63 (3.5) 23.64 (4.1) 0.026 0.116

GDS Score 2.14 (2.9) 1.37 (1.8) 1.62 (2.7) .82 (1.1) 0.116 0.065

Verbal Memory Factor −.63 (1.5) −1.32 (1.4) −1.1 (1.4) −1.9 (1.1) 0.049 0.099

Attention Factor −.16 (.81) −.32 (.47) −.26 (.64) −.50 (.66) 0.469 0.033

Executive Function Factor −.31 (.86) −.72 (1.1) −.74 (.87) −1.21 (.89) 0.105 0.079

Age at first cognitive Decline~ 65.6 (3.5) 71.3 (9.8) 70.7 (6.6) 68.8 (7.8) 0.513 0.033

Total Intracranial Volume (mm3) 1496 (129) 1426 (141) 1440 (125) 1381 (161) 0.485 0.032

Gray Matter Volume, TIV adjusted (mm3) .375 (.02) .366 (.03) .373 (.04) .370 (.03) 0.717 0.018

White Matter Volume, TIV adjusted (mm3) .325 (.03) .328 (.03) .321 (.03) .328 (.03) 0.761 0.016

White Matter Hyperintensity (mm3) 7.1 (7.6) 11.8 (12.0) 6.2 (4.9) 7.5 (8.6) 0.408 0.038

FH (FH+/FH-) 0/1 4/4 4/2 13/7 0.55 0.23

Demographic, neuropsychological, and MRI characteristics of the MCI/AD individuals from the VBM and SBM analysis. Values are mean (SD) 

except for sex and age range. Effect sizes indicating differences among the groups were calculated partial eta2 for ANOVA, and Cramer’s V 
for Pearson Chi-Square which was used for categorical variables, and covariates included age, sex, and education for univariate analysis. For 
age at first decline, n= (6, 11, 6, 50) respectively. R; Right, L; Left, FH; family history of dementia, +; positive family history of dementia, −; 
negative family history of dementia, M; male, F; female, TIV; Total Intracranial Volume, mm; millimeter, MMSE; Mini-Mental Status Exam, GDS; 
Geriatric Depression Score, N; number. Significant values in bold.
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Table 5

Voxel Based and Surface Based Morphometry results between Diagnosis Groups in MCI/AD compared to 

CU, as well as increased (red, bilateral insula) in MCI/AD compared to CU. L; left, R; right. Color to be used 
in print.

Comparison Size (vertexes)
Peak t 
value

Peak-level p 
value (FWE 
Corrected) Coordinates (mm mm mm) Brain Region

Volume

CU > MCI/AD 149895 14.19 <.001 −28 –22 -20

Left Parahippocampal Gyrus/
Hippocampus/Medial Temporal 
Cortex

1911 6.26 <.001 28 –6 48 Right Precentral Gyrus

714 5.74 <.001 −28 50 12 Left Middle Frontal Gyrus

384 5.53 <.001 26 38 27 Right Middle Frontal Gyrus

694 5.2 .002 −27 –3 52 Left Middle Frontal Gyrus

1294 5.18 .002 −28 –76 -52 Right Cerebelum

144 4.75 .013 −34 8 38 Left Middle Frontal Gyrus

Cortical 
Thickness

CU > MCI/AD 4062 11.5 <.001 −25 –5 -29 Left Parahippocampal Gyrus

4539 10.67 <.001 25 –7 -30 Right Parahippocampal Gyrus

1229 7.7 <.001 18 –72 35 Right Precuneus

1088 6.46 <.001 50 –62 32 Right Angular Gyrus

1284 6.14 <.001 −15 –69 33 Left Precuneus

417 6.11 <.001 4 –33 62 Right Paracentral Lobe

566 5.67 <.001 −34 –18 46 Left Precentral Gyrus

134 5.54 <.001 −18 –67 -12 Left Lingual Gyrus

598 5.53 <.001 −40 –56 38 Left Inferior Parietal, Angular

114 5.33 <.001 23 32 –16 Right Middle Frontal Gyrus

88 5.32 <.001 58 –54 -18 Right Inferior Temporal Gyrus

159 5.25 .001 −44 –53 20 Left Superior Temporal Gyrus

100 5.01 .002 −39 3 38 Left Precentral Gyrus

71 4.76 .005 −24 –43 -10 Left Parahippocampal Gyrus

57 4.59 .010 52 8 31 Right Inferior Frontal Gyrus

69 4.58 .010 −5 –35 58 Left Paracentral Gyrus

Sulcal Depth

CU > MCI/AD 79 7.41 <.001 −31 –2 -22
Left Parahippocampal Gyrus/ 
Amygdala

1403 6.39 <.001 −51 –30 6 Left Superior Temporal Gyrus

386 5.55 <.001 34 –47 -8 Right Parahippocampal Gyrus

358 5.53 <.001 49 –34 13 Right Superior Temporal Gyrus

53 4.73 .007 32 –5 45 Right Precentral Gyrus
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Comparison Size (vertexes)
Peak t 
value

Peak-level p 
value (FWE 
Corrected) Coordinates (mm mm mm) Brain Region

89 4.64 .011 44 –10 14 Right Insula

Gyrification 
Index

CU > MCI/AD 539 5.86 <.001 −37 –15 -7 Left Insula

255 5.46 <.001 34 –30 17 Right Insula

MCI/AD > CU 212 7.39 <.001 24 –8 -29 Right Parahippocampal Gyrus

213 6.51 <.001 −25 –5 -29 Left Parahippocampal Gyrus

Fractal 
Dimension

CU > MCI/AD 231 6.92 <.001 8 27 –24 Right Rectal Gyrus

51 5.45 <.001 −4 11 –8 Left Anterior Cingulate/Caudate

106 5.22 0.001 −16 –50 0 Left Lingual Gyrus

122 5.2 0.001 8 –24 41 Right Cingulate Gyrus

61 4.99 0.002 27 4 51 Right Middle Frontal Gyrus

51 4.84 0.004 34 11 11 Right Insula

69 4.59 0.011 −34 –22 17 Left Insula

Neurobiol Aging. Author manuscript; available in PMC 2024 January 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Honea et al. Page 30

Table 6
Voxel Based and Surface Based Morphometry results between TOMM40’523 and APOE 
groups in CU Individuals

Corrected significant values in bold. L; left, R; right, n.s.; not significant.

Comparison
Size 

(vertexes)
Peak t 
value

Cluster level 
p value 
(FWE) 

corrected

Peak-level p 
value (FWE 
Corrected)

uncorrected p 
value

Coordinates (mm 
mm mm) Brain Region

Volume

n.s.

Cortical Thickness

VL/VL and ε4+ > S 
Carrier 426 3.80 .019 .216 <.000 −18 –69 -12

L Fusiform 
Gyrus

Sulcal Depth

VL/VL > SS 823 3.77 0.000 0.559 <.000 −15 –69 7
L Posterior 
Cingulate

VL/VL > S Carrier 297 3.42 0.048 0.602 <.000 29 –30 69
R Precentral 
Gyrus

Gyrification Index

n.s.

Fractal Dimension

VL Carrier > SS 274 3.46 .047 .605 <.000 25 –57 57
R Superior 
Parietal
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Table 7

Voxel Based and Surface Based Morphometry results between TOMM40’523 and APOE groups in MCI/AD 

Individuals

Comparison
Size 

(vertexes)
Peak t 
value

Cluster 
level p 
value 

(FWE) 
corrected

Peak-level p 
value (FWE 
Corrected)

uncorrected p 
value

Coordinates (mm 
mm mm) Brain Region

Volume

SS > ε4+ 134 4.79 .700 .031 <.000 24 –51 72
R Superior 
Parietal Cortex

3351 4.54 .003 .068 <.000 64 –40 9
R Superior 
Temporal Gyrus

3369 4.42 .011 .098 <.000 −16 –76 21 LPrecuneus

S Carrier > ε4+ 3992 5.06 .001 .013 <.000 46 –56 30
R Angular Gyrus 
(Parietal)

213 4.60 .593 .057* <.000 −16 –76 21 LPrecuneus

Cortical 
Thickness

ε4− > ε4+ 171 4.19 .035 .076 <.000 −22 –37 61
LPostcentral 
Gyrus

516 4.12 <.000 .096 <.000 17 –40 68
R Postcentral 
Gyrus

172 4.11 .034 .099 <.000 56 –38 47
R Inferior Parietal 
Cortex

VL VL > ε4+ 97 4.38 .155 .044 <.000 30 –49 44
R Inferior Parietal 
Cortex

Sulcal Depth

n.s.

Gyrification 
Index

ε4+ > ε4− SS and 
VL 464 4.11 .027 .097 <.000 −50 10 –15

L Superior 
Temporal Gyrus

ε4+ > S-Carrier 416 4.18 .048 .079 <.000 −42 12 25
L Inferior Frontal 
Gyrus

641 3.94 .003 .156 <.000 −66 –33 -10
L Middle 
Temporal Gyrus

Fractal 
Dimension

ε4+ > ε4− SS and 
VL 96 3.88 .076 .281 <.000 52 –61 6

R Middle 
Temporal Gyrus

SS > VLVL 141 3.82 .025 .328 <.000 −43 –18 33
L Postcentral 
gyrus

S Carrier > VLVL 160 4.35 .009 .076 <.000 −54 –5 29
L Precentral 
Gyrus
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L; left, R; right, n.s.; not significant.

*
indicates trend
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