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A B S T R A C T

A growing amount of data has implicated the TOMM40 gene in the risk for Alzheimer’s disease 
(AD), neurodegeneration, and accelerated aging. No studies have investigated the relationship of 
TOMM40 rs2075650 (‘650) on the structural complexity of the brain or plasma markers of 
neurodegeneration. We used a comprehensive approach to quantify the impact of TOMM40 ‘650 
on brain morphology and multiple cortical attributes in cognitively unimpaired (CU) individuals. 
We also tested whether the presence of the risk allele, G, of TOMM40 ‘650 was associated with 
plasma markers of amyloid, tau, and neurodegeneration and if there were interactions with age 
and sex, controlling for the effects of APOE ε4. We found that the TOMM40 ‘650 G-allele was 
associated with decreased sulcal depth, increased gyrification index, and decreased gray matter 
volume. NfL, GFAP, and pTau181 had independent and age-associated increases in individuals 
with a G-allele. Our data suggest that TOMM40 ‘650 is associated with aging-related plasma 
biomarkers and brain structure variation in temporal-limbic circuits.

1. Introduction

A complex interplay of genes impacts the underlying biological mechanisms of aging. The locus on chromosome 19 containing 
TOMM40, APOE, and APOC1 has been identified as a critical hub for human longevity [14,18,61]. TOMM40, or Translocase of the 
Mitochondrial Membrane 40, is a close neighbor to and in linkage disequilibrium with APOE [41]. Sequence variants in both TOMM40 
and APOE have been associated with cognitive aging, longevity, aging-related brain structure and function biomarkers, and possible 
genetic contribution to the “mitochondrial cascade hypothesis.” TOMM40 may have both independent and interactive (i.e., with 
APOE) effects on aging and especially risk for Alzheimer’s disease (AD)[33,50], although its multifaceted role is still being investi-
gated. The mitochondrial cascade hypothesis suggests that multiple interacting factors impact baseline and age-related decline in 
mitochondrial function [60]. TOMM40 is the primary nuclear encoded AD-risk gene impacting AD-related mitochondrial dysfunction 
[20]. TOMM40’s mechanism contributing to the risk for AD is most likely a complex disruption of cellular bioenergetics in the 
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mitochondria. Still, the relationship between these dysfunctions and AD-related neurodegeneration is not clear.
A recent systematic review of all TOMM40 variants associated with healthy aging and longevity identified the TOMM40 single- 

nucleotide polymorphism (SNP) rs2075650 (‘650) as the most identified SNP in TOMM40 associated with longevity [11]. 
TOMM40’650 is located within the noncoding region of TOMM40: c.275-31A > G. The minor allele frequency for G in European 
populations is roughly 0.130 ((Allele Frequency Aggregator 2023 (ALFA) https://www.ncbi.nlm.nih.gov/snp/rs2075650#frequency_ 
tab). The A allele of TOMM40’650 has been consistently linked to increased longevity across several populations including Chinese, 
United States and Europe[14,38,39,53,70,71]with one study noting increased longevity in women [54]. On the other hand, the G- 
allele has been associated with several interesting features, including lower BMI in aging, delayed verbal recall, and decreased lan-
guage comprehension, with possible differences between sexes [1,32,35]. There have also been several studies showing that a G versus 
an A allele on TOMM40 ‘650 increases the risk for accelerated aging and Alzheimer’s disease [33,49]. Individuals with a G-allele may 
also have increased inflammatory markers [34], vascular risk factors, and cognitive decline [22].

Despite the role TOMM40 ‘650 appears to have on aging and aging-related disease, its relationship with neurodegeneration and 
typical plasma biomarkers of AD is unestablished. Neurofilament light (NfL) proteins are a marker of neuronal damage and can be 
measured in CSF and plasma. Glial fibrillary acidic protein (GFAP) also plays a role in aging, particularly in the brain, and GFAP 
expression is increased with aging. APOE, TOMM40 ‘650, and APOC1 risk combinations may also influence Aβ and Tau in CSF [31]. 
However, the specific genetic impact of TOMM40 on aging-related biomarkers is unclear. Given the role of TOMM40 ‘650 in aging, 
longevity, and inflammation, we sought to evaluate its association with plasma markers of ATN (amyloid (Aβ42, and Aβ40), tau (P- 
tau181) and neurodegeneration (GFAP and NfL).

Specific features of structural MRI may provide more sensitive phenotypes to intricate genetic effects in the brain. For instance, the 
quantification of local fractal dimension (FD) using spherical harmonic reconstructions yields more detailed insights into the 
complexity of cortical folding [72,73]. Fractal dimension analysis has revealed significant differences in the structural complexity of 
gray matter, which tends to decrease with aging and is altered in neurological diseases [30,37,42]. Additionally, studies have iden-
tified specific regional patterns of cortical thinning associated with Alzheimer’s disease[13,16], which are evident even in the early 
stages of cognitive decline [29]. The gyrification index quantitatively measures cortical folding by calculating the ratio of the total pial 
surface area to the superficial cortical surface area, offering insights into cortical changes during atrophy. Sulcal depth, which mea-
sures the Euclidean distance between the pial and outer surfaces, has also been potentially sensitive in detecting mild cognitive 
impairment (MCI)[7427]. No previous study has investigated the relationship TOMM40 ‘650 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. We aimed to use whole brain voxel-based (VBM) and surface-based morphology (SBM) methods to test whether TOMM40 
genetic variation differentially impacted brain volume, cortical thickness, sulcal depth, fractal dimension, and gyrification index 
measures. Based on structural imaging studies on APOE ε4 and TOMM40 to date, we hypothesized that the presence of a ‘650 G-allele 
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 A/A-carriers. Specifically, we hypothesized that we would see 
morphometric differences in the hippocampus, parahippocampus, superior temporal, and precuneus cortices. We also hypothesized 
that otherwise healthy individuals with a ‘650 G-allele would have plasma ATN markers (NfL, pTau181, GFAP, Aβ42, and Aβ40) 
indicative of possible risk for AD.

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 accor-
dance with U.S. federal regulations. All participants provided written informed consent.

2.2. Participants

Participants were recruited as part of the intervention and observational studies at the University of Kansas Alzheimer’s Disease 
Research Center (KU ADRC) and were part of the Clinical Cohort. The KU ADRC is part of the U.S. network of Alzheimer’s Disease 
Centers of Excellence that supports research into brain aging and 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[64]. The KU ADRC 
collects longitudinal data on a clinical cohort of over 400 individuals. The cohort includes participants with cognitive impairment as 
well as healthy cognition. Cognitively unimpaired individuals (CU) were included at age 60 and older. The Uniform Data Set (UDS) was 
created in 2005 to collect standard clinical data on participants from the National Institute on Aging (NIA)-supported Alzheimer’s 
Disease Centers (ADCs). The UDS is administered to ADC Clinical Cohort participants approximately annually. Individuals were 
included in this retrospective analysis if they underwent brain imaging and TOMM40 ‘650 genotyping as part of these ongoing 
observational and intervention-based studies (pre-intervention timepoint only) on fitness, exercise, aging, and risk for AD, and the 
total that had this type of data was 113 (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 ADRC. This clinical evaluation consists of a semi-structured interview (Clinical Dementia Rating, CDR) with the 
participant and study partner [48]and a physical and neurological examination. Clinical evaluation results were used to verify 
cognitively unimpaired status (CU), which were reviewed along with psychometric battery results and finalized at a consensus 
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diagnostic conference attended by clinicians and psychometricians using the NINCDS-ADRDA criteria as well as the McKann NIA-AA 
workgroup diagnostic guidelines [7,44]. 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 a previous publication [66]. As published pre-
viously, 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 [65]. Domain-specific factor 
scores were used as descriptive variables in our demographics analysis. Other covariates included the Geriatric Depression Scale 
(GDS), the Montreal Cognitive Assessment (MoCA), and Mini-Mental State Examination (MMSE). Participants completed thorough 
family history examinations using a standard family history questionnaire, as described elsewhere [26,68].

2.3. Genotyping and plasma marker procedures

Determination of APOE genotype was performed by the National Cell Repository for Alzheimer’s Disease (NCRAD), with inde-
pendent verification of selected samples by the KU ADRC Biomarker Core using a previously described allelic discrimination assay 
[67]. For the APOE genotype, participants were categorized as having ε2, ε3, or ε4 genotypes, which we used as a covariate in place of 
the number of APOE alleles, which may help disentangle relationships between APOE ε4 and TOMM40 ‘650 [35]. APOE 2/2 was 
defined as homozygous TT for both rs429358 and rs7412 SNPs. APOE 2/3 was defined as homozygous TT for rs429358 SNP and 
heterozygous CT for rs7412 SNP. APOE 2/4 was defined as heterozygous CT for both rs429358 and rs7412 SNPs. APOE 3/3 was 
defined as homozygous TT for rs429358 SNP and homozygous CC for rs7412 SNP. APOE 3/4 was defined as heterozygous CT for 
rs429358 SNP and homozygous CC for rs7412 SNP. APOE 4/4 was defined as homozygous CC for both rs429358 and rs7412 SNPs. 
Linkage disequilibrium (LD)was also tested between rs2075650 and the APOE SNPs rs429358 and rs7412, with the LD map shown in 
Fig. 1. The KU ADRC Biomarker Core performed TOMM40 rs2075650 genotyping. Genotyping was performed from whole blood 
samples. Genomic DNA was isolated with Qiagen kits and then PCR amplified using TaKaRa Ex Taq polymerase with 5 % DMSO and 
the following primers (0.4 µM each): forward FAM-TGCTGACCTCAAGCTGTCCTC and reverse GAGGCTGAGAAGGGAGGATT. PCR 
products were purified using ExoSAP-IT (ThermoFisher) and sent to Genewiz (Azenta) for fragment analysis.

Additional blood was collected using EDTA as an anticoagulant and centrifuged at 1800 x g to generate plasma. Samples were 
frozen at − 80C before analyses. Markers of ATN were measured for Plasma NfL, pTau181, GFAP, Aβ42, and Aβ40 using a Simoa HD-X 
(Quanterix, Billerica, MA). Kits were run for pTau181 (v2.0) and neuro four plex E (N4PE) according to manufacturer instructions with 
appropriate standards and quality control samples [21]. All samples were run in duplicate, and the mean concentration of the blood 
biomarkers was recorded from each blood sample. Additionally, the ratio of Aβ42 to Aβ40 was calculated for each sample (Aβ42/40).

2.4. Structural brain imaging Acquisition

All participants coming through neuroimaging studies at the KU ADRC 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 × 1 mm 
voxels; TR = 2500 ms, TE = 4.38 ms, TI = 1100, FOV = 256X256 with 18 % oversample, 1 mm slice thickness, flip angle 8 deg) for 

Fig. 1. Linkage Disequilibrium (LD) pattern for rs2075650, rs429358, and rs7412 SNPs in the study sample. The numbers in the boxes are the 
pairwise correlation coefficient r2 between respective SNPs. r2 values of 1 represent complete LD, r2 values greater than 0.8 represent strong LD, r2 

values of 0.2–0.8 represent inconclusive LD, and r2 less than 0.2 represent negligible evidence of LD. There was negligible LD between TOMM40 
rs2075650 and the two APOE SNPs rs4712 and rs429358 in this sample.
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detailed anatomy with high gray-white matter contrast. We did cortical surface-based (estimation of cortical thickness, the 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. 113 CU individuals with MPRAGE scans and 
participating in the genetics protocol passed quality control.

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; https://dbm.neuro.uni-jena.de/ 
cat/) through Statistical Parametric Mapping version 12 (SPM12; Wellcome Trust Centre for Neuroimaging, London, UK; https:// 
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 (https://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 trans-
formations, spatially normalized using the high-dimensional DARTEL algorithm into MNI space [3]and segmented into gray matter 
(GM), white matter (WM), cerebrospinal fluid (CSF) and white matter hyperintensity (WMH). We calculated total intracranial volume 
(TIV) using gray, white, and CSF volumes. The volume changes were scaled in order to retain the original local volumes (modulating 
the segmentations) [19]. The modulated gray matter segmentations were smoothed using a 10 × 10 × 10 mm full-width at half- 
maximum Gaussian kernel before group level voxel-wise analysis. Resampled surface data for cortical thickness (CT), fractal 
dimension (FD), and sulcal depth (SD) were smoothed using a 15 mm FWHM kernel, and data for gyrification were smoothed using a 
25 mm FWHM kernel prior to 2nd level analyses.

2.5.1. VBM and SBM- 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 TOMM40’650 groups and gray matter volume differences, we included age, 
sex, education, APOE ε4 carrier status, 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) TOMM40’650 AA and G-Carrier 
groups, including age, sex, education, and APOE haplotype (ε2, ε3, and ε4 groups) and 2) TOMM40’650 AA ε4 negative individuals 
compared with TOMM40’650 G-Carrier ε4 negative, including age, sex and education as covariates. Significance was determined via 
the threshold-free cluster enhancement method (TFCE) [58], which allows for cluster-based inference without the need to pre-specify 
arbitrary thresholds. This implementation in the TFCE toolbox for CAT12 performs parametric permutation tests, thus avoiding 
problems inherent to parametric statistics [17], and has been recommended in similar SBM-based whole-brain analyses [5]. Family- 
wise error (FWE) correction was applied to the entire brain, and we considered a corrected p < 0.05 as significant. Anatomical labeling 
from the Wakeforest Pickatlas AAL atlas was used to identify peak coordinate regions in VBM and SBM. The Desikan-Killiany [15]atlas 
was used for SBM (and AAL for VBM) to extract mean regional values from the processed images in significant regions after voxel-wise 
analysis.

Table 1 
Demographic Characteristics of sample.

TOMM40 ‘650 A/A G-Carrier p-value

N ¼ 113 83 30 
Years of Age (SD) 74.8 (6.4) 72.9 (5.9) 0.164
Education (years) 16.94 (2.8) 16.3 (3.4) 0.324
Gender (M/F) 38/45 11/19 0.259
GDS Score 1.07 (1.77) 0.86 (1.1) 0.548
MoCA 25.6 (4.3) 26.1 (2.8) 0.55
Verbal memory factor − 0.547 (0.93) − 0.724 (0.86) 0.264
Attention factor − 0.251 (0.41) − 0.310 (0.45) 0.982
Executive factor − 0.375 (0.56) − 0.484 (0.49) 0.592
Total Intracranial Volume (mm3) 1398.9 (153) 1349 (133) 0.28
Gray Matter Volume, TIV adjusted 0.401 (0.03) 0.407 (0.02) 0.926
White Matter Volume, TIV adjusted 0.339 (0.02) 0.341 (0.02) 0.685
White Matter Hyperintensity Volume (mm3) 4.68 (6.7) 4.24 (4.3) 0.496
FH (− /FHm/FHp/FHboth) (N = 57) 18/9/8/5 2/9/2/4 0.035
FH (− /+) (N = 57) 18/22 2/15 0.016
APOE ε4 Carrier (Negative/Positive) 68/15 8/22 0<.001

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. Covariates included age, sex, and education for univariate analysis. FH; family history of dementia, FH+; 
positive family history of dementia, FH-; negative family history of dementia, FHm; maternal family history of dementia, FHp; paternal family history 
of dementia; FHBoth; both parents with a family history of dementia, M; male, F; female, TIV; Total Intracranial Volume, mm; millimeter, MMSE; 
Mini-Mental Status Exam, GDS; Geriatric Depression Score, MoCA; Montreal Cognitive Assessment, N; number. Significant values in bold.
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2.6. Statistical analyses

SPSS 23.0 (IBM Corp., Armonk, NY) was used for the statistical analyses performed outside of imaging space. Continuous de-
mographic, cognitive, plasma markers, and volumetric imaging variables (dependent variables) were compared between TOMM40 
‘650 AA and G-Carrier groups 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. We included participants’ age, sex, and APOE 
haplotype (ε2, ε3, and ε4 groups) as covariates in the MANCOVA when testing cognitive domain scores, plasma variables and brain 
volumes. We then tested for interactions of age and sex between TOMM40 ‘650 groups and the mean blood plasma pTau181, GFAP, 
NfL, and Aβ 42/40, covarying for APOE haplotype. Raw p-values < 0.05 were nominally significant. In a post-hoc analysis, based on 
the results of the voxel and surface-based morphometry, we used ANCOVA between the TOMM40 ‘650 groups to test for interactions of 
age and sex between the mean gray matter volume in regions already found to be significant in the VBM and SBM analyses, covarying 
for APOE haplotype.

3. Results

3.1. Demographics and plasma markers

Demographic and neuropsychological data are presented in Table 1. Genotype groups were not significantly different in mean age, 
education, sex, MoCA, cognitive factor scores, global brain volumes, or geriatric depression scale scores (GDS) (Table 1). There was a 
significant difference between family history positivity between the groups in a subgroup of our sample that had complete FH data, 
with the G-allele carriers having a higher proportion of FH+ (particularly FHm) than A homozygotes. As expected, there was a larger 
proportion of APOE ε4 carriers in the G-allele carriers (p < 0.001). Mean and range differences in plasma biomarkers are shown in 
Table 2. The main effect of ‘650 G-allele carriage was associated with GFAP, pTau181,and NfL, and interactions with age and ‘650 were 
observed (Table 3, Fig. 2). There were no significant effects of ‘650 G-allele carriage or interactions with age or sex with Aβ 42/40 ratio. 
There were no significant three-way interactions with sex or age and sex in plasma markers.

3.2. Voxel and Surface-Based morphometry between TOMM40 ‘650 genotype groups

In the voxel-based analysis of gray matter volume across’650 genotype groups, including age, sex, education, and APOE ε4 
Haplogroup in the model as covariates, we found that individuals with a G-allele had significantly decreased volume in the medial 
temporal complex, specifically the left middle temporal gyrus, right fusiform gyrus, the right inferior temporal gyrus. G-carriers also 
had significantly reduced gray matter volume in the left inferior parietal cortex, right cuneus, and the right superior and middle frontal 
gyri (Table 4). When looking only at APOE ε4 negative ‘650 genotype groups, we also found significantly lower gray matter volume in 
the G-allele carrying individuals in the left inferior temporal, right middle temporal, right parahippocampal, right cuneus and left and 
right superior frontal gyrus (Table 4, Fig. 3). There were no significant differences between ‘650 genotype groups in the inverse 
statistical contrasts across gray matter volume measures.

In the surface-based analysis of gray matter volume across’650 genotype groups, including age, sex, education, and APOE ε4 
Haplogroup in the model as covariates, we found no significant differences across morphological measures. When looking only at 
APOE ε4 negative ‘650 genotype groups we found that individuals with a G-allele had significantly increased sulcal depth in the right 
superior temporal gyrus, right medial superior frontal gyrus, right postcentral gyrus and left lingual gyrus (Table 4, Fig. 3. We also 
found significantly smaller gyrification index in the ε4-negative G-allele-carrying individuals in the left inferior parietal and superior 
parietal cortices, bilateral precentral gyrus and the right postcentral gyrus (Table 4, Fig. 3). There were no significant differences 
between ‘650 genotype groups in the cortical thickness and fractal dimension analyses or inverse statistical contrasts across all 
morphometry measures.

3.3. TOMM40 ‘650 brain volume interactions

There were two regions in which there were significant interactions between G-carrier status and age: volume of the right middle 
temporal gyrus and right olfactory cortex (p = 0.021, p = 0.044). There were significant sex by G-carrier status interactions on left 
amygdala volume (p = 0.026), right middle temporal gyrus (p = 0.011), and right olfactory cortex (p = 0.032); the first two are plotted 

Table 2 
TOMM40 ’650 groups with Plasma markers of ATN.

N A/A G-Carrier

Plasma Total, AA / G-Carrier Mean (Range) Mean (Range)
pTau181 n = 53, 40/13 2.14 (1.8–2.47) 2.69 (1.95–3.42)
GFAP n = 58, 45/13 185. 06 (163–207) 202.9 (136–269)
NfL n = 53, 45/13 32.51 (25.9–39.13) 24.76 (15.2–34.3)
Aβ 42 n = 60, 47/13 8.47 (6.21–10.74) 6.45 (5.47–7.42)
Aβ 40 n = 59, 46/13 123.6 (112.6–134.7) 121.4 (107.5–135.3)
Aβ 42/40 n = 59, 46/13 0.059 (0.056-0.064) 0.056 (0.048-0.063)
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for visual purposes in Fig. 4. There were significant 3-way interactions with sex and age in the right middle temporal gyrus (p = 0.014) 
and the left rectus gyrus (p = 0.017) (Table 5).

4. Discussion

In this study, we sought to characterize the relationship of TOMM40 ‘650 on morphological biomarkers of cortical complexity, 
plasma biomarkers of AD-related pathology and neurodegeneration, and interactions of age and sex in CU individuals. We found that 
the TOMM40 ‘650 G-allele was associated with lower gray matter volume, sulcal depth, and increased gyrification index in temporo- 
limbic regions of the brain. We also report that pTau181, NfL and GFAP have age-associated increases in individuals with a G-allele. 
Our data suggest that TOMM40 ‘650 is associated with aging-related brain structure variation in temporal-limbic circuits.

Our data contribute to a growing literature supporting the role of several TOMM40 variants on cortical complexity of the brain in 
limbic, temporal and precuneus cortices in the aging brain, perhaps during the preclinical phase of AD. We have recently 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 [25]. Varathan et al. also found a significant gene-AD association in several SNPs of TOMM40 with 
cortical thickness in the temporal lobe [62]. Emergent scientific data on cognitively unimpaired individuals argues for TOMM40’523 
Poly-T alleles’ impact on CSF, imaging, cognitive, and mitochondrial function[12].

In this study we identified TOMM40 ‘650 G-carrier specific changes in sulcal depth in the superior temporal gyrus, and in volume in 

Table 3 
Main effects and interactions of TOMM40 ‘650 G-carriage on Plasma Markers of ATN.

Sig F Sig F Sig F Sig F

 650  650 x Age  650 x sex  650 x age x sex
pTau181 0.022 5.61 0.022 5.692 0.848 0.037 0.176 1.812
GFAP 0.002 10.74 0.002 11.21 0.249 1.199 0.573 0.322
NfL 0.012 6.813 0.015 6.386 0.417 0.67 0.196 1.687
Aβ 42/40 0.833 0.045 0.822 0.051 0.28 1.191 0.496 0.712

Sig; Significance, Significant estimates in bold p < 0.05, controlling for APOE ε4 Haplogroup, age and sex.

Fig. 2. Plot of TOMM40 ’650 G carriage on Plasma Biomarkers. Red and blue circles represent datapoints for TOMM40 ‘650 G-Carrier and AA 
homozygotes, respectively. There were significant interactions between G-Carrier status and age in plasma GFAP (p = 0.002), pTau181 (p = 0.022), 
and NfL (p = 0.015). The sample size for the Plasma analysis was 58 for GFAP, 59 for Aβ42/40, and 53 for NfL and pTau181.
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the middle temporal cortex, both E4-negative individuals, arguing for a unique TOMM40’650 effect on brain structure. Our data fit 
with previous studies showing the relationship of TOMM40’650 with brain volume across the medial temporal, superior temporal, and 
limbic structure. Several studies using the ADNI dataset have reported associations TOMM40’650 with hippocampal volume using 
whole genome association approaches, both in cross-section and longitudinal atrophy measures[51,55,69]. Another ADNI study used a 
comprehensive gene and imaging approach and identified a relationship between TOMM40’650 and the caudate nucleus[47]. Our 
findings of ‘650-related morphological variation were in the temporal cortex, which plays a specific role in language and memory. 
While we did not test associations between cortical morphometry and cognitive ability on language functions, it is interesting that 
several studies have identified associations between TOMM40’650 and delayed verbal recall ability[1] and decreased language 
comprehension network strength in females, correlated with increasing age [35].

We investigated the interactive relationship between TOMM40’650 G-carriage and sex on aging-related associations of brain 
structure and plasma biomarkers because of several studies showing sex-specific effects of TOMM40’650[35,54]. Li et al. identified an 
interactive effect of sex with TOMM40’650 and language network strength, with the effect specifically in women. Our analysis showed 
no significant interactions between TOMM40’650 and sex on plasma ATN biomarkers. However, in our post-hoc analysis of specific 
gray matter volumes, there were several brain regions where TOMM40’650 G-carrying females had more decreased brain volume with 
age, namely the middle temporal gyrus and rectus gyrus. GFAP serves as a marker for astrocyte activation and is also related to 
cognitive health and neurodegenerative disease [36,63]. A smaller study found an association between TOMM40 poly-T variants 
(rs10542523) and NfL in CSF [9]. Despite several studies showing a possible relationship between TOMM40 ‘650 and plasma and CSF 
measures of Aβ-42 and Tau [31,59], we did not see a relationship of ‘650 alleles with plasma Aβ − 42/40. This may be due to our sample 
size, and thus, a more extensive analysis focusing on ‘650 (outside of the APOE ε4) and Aβ 42/40 in plasma, and, ideally, CSF will be 

Table 4 
Morphometrical differences in Volume, Sulcal Depth, and Gyrification Index between ‘650 TOMM40 groups.

Comparison Size 
(vertexes)

TFCE Combined Peak/Cluster p value 
(FWE) corrected

Coordinates (mm mm 
mm)

Brain Region

Volume     
AA > G Carrier 15,722 1660.41 0.018 − 57 –20 − 16 L Middle Temporal Gyrus
 1454 1347.31 0.037 8 –93 3 R Cuneus
 373 1341.32 0.037 − 45 –54 6 L Middle Temporal Gyrus
 757 1341.05 0.037 68 –27 –22 R Inferior Temporal Gyrus
 31 1227.51 0.048 –33 –45 54 L Inferior Parietal
 203 1226.11 0.048 33 46 –9 R Middle Frontal Gyrus
 72 1224.22 0.048 − 42 –88 9 L Middle Occipital Gyrus
 82 1222.79 0.049 20 66 –10 R Superior Frontal Gyrus
 73 1220.18 0.049 50 –3 − 30 R Fusiform Gyrus
AA E4 Neg > G Carrier E4 

Neg
1693 1656.16 0.007 56 –22 − 21 R Inferior Temporal Gyrus

 617 1551.47 0.009 36 –84 15 R Middle Temporal Gyrus
 1261 1514.51 0.01 26 18 –10 R Putamen
 3677 1478.52 0.011 − 48 33 0 Left Inferior Frontal Gyrus
 54 1463.77 0.012 − 18 60 28 L Superior Frontal Gyrus
 186 1433.57 0.013 30 51 34 R Superior Frontal Gyrus
 63 1408.04 0.014 50 –12 24 R Postcentral Gyrus
 63 1398.7 0.014 54 –74 21 R Middle Temporal Gyrus
 286 1392.3 0.014 − 3 18 3 L Caudate
 94 1384.12 0.015 2 24 14 R Anterior Cingulate
 1053 1376.41 0.015 21 8 –28 R Parahippocampal Gyrus
 523 1298.82 0.019 22 –93 8 R Cuneus
 555 1252.81 0.021 − 20 –98 10 L Middle Occipital Gyrus
 151 1236.26 0.022 28 33 54 R Superior Frontal Gyrus
 61 1218.19 0.023 56 –48 − 3 R Middle Temporal Gyrus
 158 1142.03 0.029 30 28 32 R Middle Frontal Gyrus
Sulcal Depth     
AA E4 Neg > G Carrier E4 

Neg
5291 15918.41 0.005 65 –37 10 R Superior Temporal Gyrus

 7515 12460.16 0.013 12 46 –1 R Medial Superior Frontal 
Gyrus

 2965 12419.79 0.013 − 50 –20 18 R Postcentral
 1074 9651.36 0.029 − 9 –73 − 9 L Lingual Gyrus
Gyrification Index     
G Carrier E4 Neg > AA E4 

Neg
603 3165.66 0.012 − 41 –47 37 L Inferior Parietal

 866 2912.02 0.015 − 26 –60 47 L Superior Parietal
 155 2580.45 0.019 61 5 14 R Precentral Gyrus
 275 2511.59 0.021 − 59 –12 38 L Precentral Gyrus
 78 1633.14 0.048 60 –22 24 R Postcentral Gyrus

Results are listed at a threshold of p < 0.05 FWE TFCE corrected, primary peaks within cluster listed in table. Coordinates listed are Montreal 
Neurological Institute. L; Left, R; Right; Neg; Noncarrier of ε4 genotype.
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necessary for the future. We did, however, see a relationship between TOMM40 ‘650 and plasma tau, in line with Kulminski et al., 
possibly narrowing the functional implications of TOMM40 genetic variation to neuronal injury and neurodegeneration (associated 
with tau) over-accumulation of Aβ. While APOE most likely contributes to neurodegeneration in aging and AD, there have not been 
clear associations with APOE ε4 and NfL [56,57], and an interplay of nearby genes like TOMM40 may contribute specifically to 
structural vulnerability.

TOMM40 may also play a role in other diseases outside of Alzheimer’s disease. For instance, McFarquhar et al showed a relationship 
of TOMM40’650 with diagnosis of depression and related changes in brain activation[43]. A recent GWAS study identified SPSs in 
TOMM40 and APOE associated with dementia with lewy body (DLB) [8]. The presence of the TOMM40’523 S allele in APOE ε3 in-
dividuals has also been shown to impact the rate of cognitive decline in Parkinson’s disease and Parkinson’s disease dementia[6]. 
There is growing evidence that APOE and TOMM40 genes work interactively on Chromosome 19 to impact downstream mitochondrial 
metabolic function in aging [10], possibly explaining the contribution of SNPs like ‘650 on overall brain function, aging, and risk for 
neurodegenerative disease. 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 of AD [31,40]. Our analysis in aging individuals shows 
that TOMM40’650 G allele impacts the brain. However, a larger study on the interacting effects of TOMM40’650 G, APOE, and APOC1 
will be needed to increase the numbers in the risk G/G group and understand these relationships in the larger context of compound risk 
genotypes.

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. The KUADRC Clinical cohort is primarily Caucasian and typically shows tight linkage disequilibrium between 
APOE ε4, and TOMM40’650 G alleles, evidenced in this sample. We did, however, test the independent contributions of the 
TOMM40’650 G-allele and APOE ε4, albeit with small sample size.

Although work remains to be done to identify appropriate diagnostic cut-off points for the clinical use of biomarkers, [46,52]blood- 
based biomarkers are moving to the forefront of Alzheimer’s disease research. With the continued development of blood biomarkers 
and efforts to standardize biomarker processing[4,75], it is widely acknowledged that blood biomarkers may provide reliable 
screening information to aid diagnosis and monitoring of efficacy in a relatively non-invasive and cost-effective manner [2]. NfL is 
considered to have potential as a prognostic and susceptibility biomarker in both clinical and research settings [28], and both NfL and 
GFAP predict cognitive decline in a similar manner to neuroimaging analysis. [45].

Fig. 3. Clusters showing significantly different cortical morphology in the TOMM40 ‘650 G-Carrier group compared to the AA individuals in APOE 
ε3 individuals only. LH (RH): left (right) hemisphere.
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5. Conclusion

Our study is the first to use comprehensive morphological analysis techniques to show varying levels of impact of the TOMM40’650 
G allele on AD-related brain phenotypes. We found that TOMM40 ‘650 G-allele was associated with decreased sulcal depth, increased 
gyrification index and decreased gray matter, and that NfL, pTau181 and GFAP were more associated with age in individuals with a G- 
allele. Our data suggest that TOMM40 ‘650 may be associated with early brain structure variation in temporo-limbic circuits. These 
findings collectively contribute to the ongoing discourse on how genetic factors such as the TOMM40 ‘650 variant may influence brain 

Fig. 4. Regional volume across age differs between sex and TOMM40 ‘650 G-Carriers. Red and blue circles represent datapoints for women and 
men, *interaction of ‘650 x age x sex, **interaction of ‘650 x sex. The right middle temporal gyrus and the left amygdala were statistically significant 
results from the interaction analysis and the plots are for viewing purposes.

Table 5 
Interactions of TOMM40 ‘650 G Carriage with age and sex on gray matter volumes.

Sig F Sig F Sig F

 650 x Age  650 x sex  650 x age x sex 
Right Amygdala 0.272 1.2 0.104 2.695 0.262 1.355
Left Amygdala 0.091 2.915 0.026 5.103 0.095 2.406
Right Hippocampus 0.772 0.085 0.483 0.068 0.469 0.104
Left Hippocampus 0.224 1.498 0.137 2.24 0.139 2.007
Right Superior Temporal Gyrus 0.139 2.24 0.146 2.14 0.124 2.28
Left Superior Temporal Gyrus 0.19 1.74 0.138 2.24 0.185 1.73
Right Middle Temporal Gyrus 0.021 5.449 0.011 6.779 0.014 4.461
Left Middle Temporal Gyrus 0.139 2.224 0.069 3.386 0.081 2.568
Right Parahippocampal Gyrus 0.549 0.361 0.395 0.731 0.713 0.339
Left Parahippocampal Gyrus 0.273 1.212 0.339 1.63 0.174 0.834
Right Olfactory Cortex 0.044 4.14 0.032 4.72 0.061 2.87
Left Olfactory Cortex 0.217 1.54 0.179 1.83 0.261 1.36
Right Rectus Gyrus 0.407 0.694 0.382 0.771 0.124 2.12
Left Rectus Gyrus 0.125 2.39 0.133 2.287 0.017 4.204

Significant estimates in Bold are p < 0.05, controlling for APOE ε4 Haplogroup, age, and sex.
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structure and function, especially in relation to aging and Alzheimer’s disease. This research underscores the complexity of genetic 
influence on brain integrity. It suggests that the impact of such polymorphisms may vary depending on additional factors like age, sex, 
and other genetic risk factors.
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