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Abstract

Observational studies have consistently reported elevated plasma homocysteine as a risk factor for 

Alzheimer’s disease (AD). However, results from clinical trials of homocysteine-lowering 

treatments are inconsistent. This discrepancy may be explained by a lack of causal association 

between homocysteine and AD. Mendelian randomization studies have the potential to provide 

insight into the causality of this association through studying the effect of genetic predisposition to 

high homocysteine on AD. Our analyses using summarized (n = 54,162) and individual participant 

(n = 6987) data from Caucasian participants did not show an effect of plasma homocysteine 

genetic risk on susceptibility to AD. Although with smaller sample sizes, further subanalyses also 

did not support an effect of genetically determined plasma homocysteine on cognitive impairment 

and decline, beta-amyloid and tau pathology and gray matter atrophy in AD. However, we found 

associations with tau tangle burden (n = 251) and gray matter atrophy (n = 605) in cognitively 

normal elderly. Our results do not support a causal association between elevated homocysteine and 
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risk, severity, and progression of AD. However, the relationship between genetically determined 

homocysteine and brain pathology in cognitively normal elderly requires further exploration.
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1. Introduction

Late-onset Alzheimer’s disease (AD) is a complex disorder with several genetic and 

environmental risk factors. Despite its burden, there are no definitive or disease-modifying 

treatments yet available for AD. Therefore, modifiable risk factors make accessible targets 

for its treatment and prevention. Elevated circulating homocysteine (Hcy) level has been 

implicated in some studies as a modifiable risk factor in AD and age-related cognitive 

decline.

Several cross-sectional and prospective longitudinal epidemiological studies have 

demonstrated that higher Hcy level is associated with both an increased risk of developing 

AD (Annerbo et al., 2006; Seshadri et al., 2002; Zylberstein et al., 2011) and accelerated 

cognitive aging (Dufouil et al., 2003; Tucker et al., 2005). Evidence from cell biology and 

animal studies have further demonstrated the effects of high Hcy levels on neuronal 

endoplasmic reticulum stress (Kim et al., 2008), oxidative stress (Streck et al., 2003), and 

excitotoxicity (Abushik et al., 2014), and even directly through induction of amyloid beta 

(Aβ) deposition (Zhang et al., 2009) and tau phosphorylation (Luo et al., 2007). Hcy can be 

recycled into methionine with the aid of vitamin B 12, folic acid, or trimethylglycine or 

converted into cysteine with vitamin B 6 as the cofactor. Therefore, elevated Hcy levels can 

be reduced by simple drug-based interventions. However, the causality of the effect of Hcy 

in AD has remained controversial (Zhuo et al., 2011). While some clinical trials have 

reported benefit from Hcy-lowering interventions (Douaud et al., 2013; Durga et al., 2007; 

Jager et al., 2012), others have shown no improvement or even detrimental effects (Eussen et 

al., 2006; McMahon et al., 2006). Given that such vitamin supplementation therapies may 

affect various other metabolic pathways, it is possible that observed effects in these trials are 

not purely a result of lowering Hcy levels. It is also possible that findings from observational 

studies are influenced by confounding factors or reverse causality.

In the absence of definitive results from randomized clinical trials, Mendelian randomization 

(Lawlor et al., 2008) studies can help determine the causality of observed associations 

between exposure and disease. This approach exploits the random inheritance of genotypes 

with known associations with a disease risk factor. The risk factor’s causal effect on disease 

can then be deciphered independent of confounding factors and reverse causality. Here, 

using data from large- and medium-scale publicly available AD data sets, we examined 

whether genetic predisposition to elevated circulating Hcy influences the risk of developing 

AD. Moreover, we assessed its effects on a number of AD-related outcomes including 

cognitive decline, brain and cerebrospinal fluid (CSF) pathologic biomarkers of AD, and 
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brain atrophy, separately in AD and cognitively normal (CN) elderly, where data were 

available.

2. Method

2.1. Mendelian randomization study using summarized data

Top polymorphisms from 13 independent genome-wide significant loci (p < 5 × 10–8) 

influencing plasma Hcy level and their effect size (amount of standard deviation change in 

ln(Hcy) per the effect allele) were obtained from the largest available meta-analysis of 

genome-wide association studies on Hcy (van Meurs et al., 2013) (n = 44,147 individuals of 

European descent). Summarized data on the effect of each single nucleotide polymorphism 

(SNP) on AD risk were extracted from the largest available meta-analysis of genome-wide 

association studies on AD (Lambert et al., 2013) (International Genomics of Alzheimer’s 

Project [IGAP] stage 1; 17,008 AD patients and 37,154 controls of European descent). 

Mendelian randomization analysis was performed using an inverse-variance weighted fixed-

effect meta-analysis approach (Burgess et al., 2013) to estimate the effect of genetically 

determined 1-standard deviation change in ln(Hcy) on the risk of AD.

2.2. Mendelian randomization studies using individual participant data (polygenic score 
association studies)

Polygenic score (PGS) association studies were performed using available individual-level 

data from AD patients and CN elderly from 4 study groups: the National Institute on Aging 

Alzheimer’s Disease Centers (ADCs) Cohort (Naj et al., 2011), Multi-Site Collaborative 

Study for Genotype-Phenotype Associations in Alzheimer’s Disease (GenADA) (Li et al., 

2008), Alzheimer’s Disease Neuroimaging Initiative (ADNI) (Weiner et al., 2010), and Rush 

Alzheimer’s Disease Center Religious Orders Study and Memory and Aging Project (ROS/

MAP) (Bennett et al., 2012a, Bennett et al., 2012b). The appropriate ethics committee or 

institutional review board of each study/recruitment site approved study protocols. Written 

informed consent was obtained from all study participants or in case of substantial cognitive 

impairment, from a caregiver, legal guardian, or other proxy.

Genome-wide genotyping data from ADC, GenADA, ADNI, and ROS/MAP were available 

in 8 batches (Fig. 1). Genetic quality control, multidimensional scaling, and imputation were 

performed for each batch separately. Imputed data for the 13 SNPs were extracted for 

participants with European ancestry (eTable 1). Hcy-PGSs were calculated as the sum of the 

expected number of alleles associated with higher Hcy weighted by their effect size 

(extracted from the Hcy meta-analysis [van Meurs et al., 2013]).

Cross-sectional and longitudinal Mini–Mental State Examination (MMSE) scores indexing 

cognitive performance in AD patients were available from GenADA, ADNI, and ROS/MAP. 

Cross-sectional and longitudinal measurements of global cognitive function (average of 

normalized scores of 17 tasks in 5 cognitive domains) assessing cognitive performance in 

CN participants were available from ROS/MAP.

Individual postmortem neuropathology composite scores for overall brain Aβ burden and tau 

tangle density were available for analysis from ROS/MAP. Cross-sectional in vivo cortical 
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Aβ deposition burden assessed using [18F]Florbetapir positron emission tomography 

imaging, and CSF Aβ1–42, total tau, and phosphorylated tau (p-tau181p) levels were 

obtained from ADNI.

Gray matter (GM) atrophy was assessed using cross-sectional T1-weighted brain magnetic 

resonance imaging available from ADNI and ROS/MAP. Global GM atrophy was assessed 

using total GM volumes segmented from the T1-weighted images. Regional GM atrophy 

was assessed using voxel-based morphometry (VBM) performed on the smoothed 

modulated GM probability maps. ADNI cortical thickness data were used for post hoc 

region of interest analysis.

Linear mixed models were used to assess the effect of Hcy-PGS on diagnosis, cognitive 

performance, neuropathological biomarkers, and GM atrophy. Unless otherwise specified, 

all analyses were performed while adjusting for the fixed effects of age, sex, and the number 

of APOE ε4 alleles, and the random effect of the study/imputation batch. Total GM volume 

analyses were also adjusted for intracranial volume. Studies/imputation batches with data 

available from less than 20 participants were excluded from the analyses. Longitudinal 

analyses were performed using linear mixed models accounting for the aforementioned 

covariates in addition to the fixed effect of follow-up year and assuming a random intercept 

and slope for the baseline measure of outcome variable and its change over time per 

individual. Neuropathology data underwent square-root transformation whenever required 

before statistical analysis in order to meet the normality assumptions. Voxelwise analyses 

were performed while adjusting for the effects of age, sex, handedness, number of APOE ε4 

alleles, and the study/imputation batch.

The methods are described in detail in eMethods.

3. Results

3.1. Genetic influence of Hcy on AD risk

Using IGAP summarized data, none of the 13 SNPs affecting Hcy were associated with AD 

(all p > 0·05), and no significant heterogeneity was observed in their effects on AD risk 

(heterogeneity p = 0·69) (Fig. 2A). The Mendelian randomization meta-analysis of the 

summarized data from the 13 SNPs did not support a causal effect of genetically determined 

Hcy on AD risk (odds ratio [OR] [95% confidence interval {CI}] = 1.01 [0.89–1.15], p = 

0.84). Further Mendelian randomization subanalyses using data from individual SNPs also 

did not show any significant association (Fig. 2B).

Characteristics of the participants from each of the 10 study/imputation batches included in 

the PGS association analyses are shown in Table 1. Hcy-PGS distributions are demonstrated 

in eFig. 1. Performing analysis on individual participant data (n = 6987: AD = 4,099, CN = 

2888), we observed no evidence for a significant association between Hcy-PGS and risk for 

AD (OR [95% CI] = 1.0 [0.94–1.06], p = 0.96; Fig. 3). Further analyses demonstrated no 

significant association between Hcy-PGS and AD after stratification for sex (female: n = 

3953, %AD = 55, OR [95% CI] = 0.98 [0.91–1.06], p = 0.57; male: n = 3034, %AD = 64, 

OR [95% CI] = 1.03 [0.95–1.13], p = 0.45), and APOE ε4 allele carrier status (noncarriers: 
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n = 3648, %AD = 40, OR [95% CI] = 1.01 [0.94–1.08], p = 0.85; carriers: n = 3339, %AD = 

79, OR [95% CI] = 0.98 [0.90–1.08], p = 0.71). Also, no interaction effect was observed 

between age and Hcy-PGS in relation to AD risk (p = 0.14).

3.2. Hcy polygenic score and cognitive impairment

Hcy-PGS was not associated with cross-sectional MMSE score (n = 1262 from GenADA, 

ROS/MAP, and ADNI AD participants; t = −1.1, p = 0.29) or longitudinal MMSE 

performance (n = 1473 observations from 478 AD patients, median follow-up = 2 years; 

interaction between Hcy-PGS and year of follow-up: t = 1.47, p = 0.14).

Using global cognitive function assessments from ROS/MAP participants who were CN at 

baseline, we did not observe any significant association between Hcy-PGS and either cross-

sectional (n = 1,194, age at baseline [mean ± standard deviation] = 78 ± 7; t = −1.60 p = 

0.11) or longitudinal (n = 11,344 observations from 1146 participants, follow-up period = 1–

21 years, median follow-up = 9 years; t = 0.46, p = 0.64) cognitive performance. Excluding 

participants who likely developed mild cognitive impairment or dementia due to mixed and 

non-AD causes during the course of follow-up also yielded similar findings (n = 10,613 

observations on 1077 individuals: t = −0.71, p = 0.48).

3.3. Hcy polygenic score and brain and CSF pathologic biomarkers of AD

Using ROS/MAP postmortem neuropathology and last antemortem clinical assessment data, 

we found no evidence for association between Hcy-PGS and brain amyloid burden in AD (n 

= 260, p = 0.68) and CN (n = 255, p = 0.16) participants. These results were further 

supported by in vivo ADNI [18F]Florbetapir positron emission tomography cortical amyloid 

(AD: n = 130, p = 0.39; CN: n = 247, p = 0.87) and CSF Aβ1–42 data (AD: n = 167, p = 

0.68; CN: n = 294, p = 0.85).

Although no association was found between Hcy-PGS and postmortem tau neurofibrillary 

tangle burden in AD in ROS/MAP (n = 256, p = 0.35), a positive association was observed 

in CN individuals (n = 251, t = 2.4, p = 0.017). However, we did not observe any significant 

association between Hcy-PGS and ADNI CSF tau (AD: n = 164, p = 0.69; CN: n = 293, p = 

0.58) or p-tau181p (AD: n = 167, p = 0.91; CN: n = 294, p = 0.46).

3.4. Hcy polygenic score and gray matter atrophy

No association was found between Hcy-PGS and total GM volume in AD (n = 269 

participants from ADNI, t = −0.56, p = 0.57). However, higher Hcy-PGS was associated 

with lower total GM volume in CN elderly (n = 605 participants from ADNI and MAP, t = 

−2.32, p = 0.02). VBM revealed significantly greater regional GM atrophy in the occipital 

cortex of CN participants (pericalcarine, cuneus, and lingual areas; peak family-wise error 

corrected p = 0.04) associated with higher Hcy-PGS (Fig. 4). ADNI FreeSurfer cortical 

thickness data that had passed quality control for the occipital lobe were used for post hoc 

region of interest analysis. Results demonstrated an interaction effect between Hcy-PGS and 

diagnosis (AD vs. CN) on the average thickness of right and left pericalcarine, cuneus, and 

lingual cortices (interaction: n = 610, p = 0.04; after stratifying for diagnosis: CN: n = 377, β 
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± standard error = −0.11 ± 0.04, p = 0.004; AD: n = 233, β ± standard error = 0.02 ± 0.05, p 

= 0.71).

4. Discussion

Using Mendelian randomization approach, we did not find evidence supporting a causal 

association between plasma Hcy level and susceptibility to AD in participants with 

European ancestry. Furthermore, we did not find evidence for significant associations 

between Hcy-PGS and cognitive impairment and decline in AD and CN elderly, and brain 

and CSF beta-amyloid and tau pathology and GM atrophy in AD. Although no association 

was observed between Hcy-PGS and beta-amyloid pathology in CN participants, we found 

associations with brain tangle burden and GM atrophy in these individuals.

Using summarized and individual participant data comparing AD and CN individuals, we 

found no association between genetically determined Hcy and AD risk. Similar finding from 

both approaches (OR [95% CI] = 1.01 [0.89–1.15] and 1.0 [0.94–1.06], respectively) 

increases confidence in the robustness of our results. The sample sizes used for assessing the 

association with AD risk were from multiple sources and fairly large. Therefore, our results 

can be considered generalizable to people from European ancestry. Our analysis on 

longitudinal quantitative cognitive data from CN elderly (with some individuals developing 

mild cognitive impairment or dementia during the course of follow-up) further supports our 

main finding on cross-sectional binary diagnostic data.

Previous Mendelian randomization meta-analyses (Hu et al., 2016, Hua et al., 2011, Peng et 

al., 2015, Rai, 2016, Zhang et al., 2010) on association between Hcy and AD risk have used 

summarized data from a highly overlapping number of previously published case-control 

studies on a single polymorphism (rs1801133 [MTHFR C677T]). The included studies are 

from participants with both European and non-European ancestries, with a maximum total 

Caucasian subsample of ~2000 AD and ~2000 controls. Although all these meta-analyses 

have reported significant causal associations between Hcy and AD risk in their overall 

sample, subanalyses in Caucasians were nonsignificant in all, except for 1 (Rai, 2016). 

There are also some discrepancies between these meta-analyses in terms of classifying 

publications from countries with specific ethnicities (e.g., Israel, Egypt, and Tunisia) or with 

mixed populations (e.g., USA) as Caucasian or non-Caucasian. In line with our findings and 

the majority of the Caucasian case-control meta-analyses, IGAP summarized data from 

~17,000 AD to ~37,000 controls with European ancestry do not support a significant 

association between rs1801133 and AD risk (p = 0·68) (Lambert et al., 2013).

Our study has overcome several limitations in the aforementioned studies (Hu et al., 2016, 

Hua et al., 2011, Peng et al., 2015, Rai, 2016, Zhang et al., 2010). By using a polygenic 

rather than a single polymorphism approach, we were able to explain a greater proportion of 

the variance of Hcy levels (van Meurs et al., 2013), and in turn, provide a more accurate 

estimation of the effect of genetically determined Hcy. Extracting whole-genome data could 

overcome potential publication biases of single-gene case-control association studies, which 

might have shifted the meta-analyses results towards significant findings. Moreover, 

genomic data provided the means for performing multidimensional scaling, which helped 
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objectively determine participants’ ancestries and also detect ethnic outliers. Statistical 

models for analyses on individual participant data could account for confounding variables 

and covariates such as age, sex, and APOE ε4 allele status. Finally, the majority of our 

individual participant data came from studies that are less likely affected by selection bias 

(i.e., not including many of the individuals with the disease risk factor in the study due to 

death or ill health). The ADC cohort did not depend on participants necessarily being alive 

and included living and also autopsy-confirmed AD and CN participants; and ROS/MAP is a 

longitudinal community cohort study of participants who are mainly dementia free at 

enrollment and are naturally followed so that a number of them develop cognitive 

impairment over the course of follow-up.

A limited number of studies have assessed the causal relationship between Hcy and the 

severity and progression of AD (Gorgone et al., 2009, Seripa et al., 2003). Our study on 

cross-sectional and longitudinal MMSE did not support a causal association between Hcy 

and AD severity (n > 1200) and progression (n ~500 followed-up up to 4 years). Although 

with more limited sample sizes, our nonsignificant results from other studied AD-related 

outcomes (brain and CSF beta-amyloid and tau burden and GM atrophy) in AD patients 

were in line with these findings.

In support of our nonsignificant findings on the effect of Hcy-PGS on cognitive performance 

and decline and beta-amyloid pathology in CN elderly, previous studies have demonstrated a 

lack of association between rs1801133 and cognitive performance (Almeida et al., 2005, de 

Lau et al., 2010, Durga et al., 2006), cognitive decline (Bathum et al., 2007, Schiepers et al., 

2011a, Schiepers et al., 2011b), and conversion to AD (Gussekloo et al., 1999), except for 2 

studies reporting weak associations (Elkins et al., 2007, Ford et al., 2012). However, we 

found a positive association with tau tangle burden and a negative association with GM 

atrophy (prominently in the occipital lobe) in CN individuals.

We cannot rule out the possibility of tau and magnetic resonance imaging false-positive 

findings in CN (due to multiple comparisons) and false-negative findings in AD (due to 

limited sample size). On the other hand, it is also possible that our results reflect associations 

between Hcy-PGS and non-AD pathologies (such as e.g., primary age-related tauopathy or 

age-related macular degeneration). In support of our tau tangle finding, MTHFR knockout 

mice have increased brain phosphorylated tau in comparison to wild-type controls, with 

enhanced effects notably in aged compared to young mice (Sontag et al., 2014). Although 

our postmortem brain tangle finding in ROS/MAP CN individuals was not supported by 

ADNI CSF data, this can be explained by the imperfect correlation between brain and CSF 

tau (Chhatwal et al., 2016). Our CN GM findings were present in almost all subsamples 

included in the study (Fig. 4B), and our results were not dependent on the method of 

analysis (VBM vs. FreeSurfer cortical thickness data), both of which increase confidence in 

our finding. Hence, we believe that the causal association between Hcy and tau burden and 

GM atrophy in CN elderly deserves further exploration.

While results from Hcy-lowering randomized clinical trials are inconsistent and Mendelian 

randomization results are nonsignificant, various mechanisms may explain previously 

observed significant associations between Hcy and AD-related outcomes in cross-sectional 
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and longitudinal observational studies. One possible explanation is reverse causality, as it 

could be argued that Hcy levels may increase secondary to AD pathological processes, and 

are the result, not the cause of AD pathology. Other than pathological processes inherent to 

the disease, it is also possible that changes in lifestyle and diet caused by AD dementia-

related behavioral alterations influence Hcy metabolism. Another possible explanation could 

be confounding factors that are associated with both AD risk and elevated Hcy levels. 

Potential confounding mechanisms can include vascular, metabolic, lifestyle, and dietary 

risk factors. Moreover, as it has been suggested that a causal relationship is present between 

the MTHFR C677T polymorphism and AD risk in individuals with non-European ancestry 

(Hu et al., 2016, Hua et al., 2011, Peng et al., 2015, Rai, 2016, Zhang et al., 2010), ethnicity 

might also modulate the effect of genetically determined Hcy on AD, either via genetic 

interactions or environmental factors such as differences in lifestyle.

Our study was limited to individuals of European descent. However, because of the 

suggested differences in the effect of Hcy-related polymorphisms in populations of different 

ancestries, it is important to perform separate large-scale and less-biased analyses in 

individuals from each ancestry. Another limitation to our study is the limited proportion of 

variation of Hcy levels explained by the polygenetic score (van Meurs et al., 2013). 

However, our study was well powered to detect a significant association between the Hcy-

PGS and AD risk using a sample size of ~54,000 people (reported OR [Seshadri et al., 2002] 

for 1-standard deviation increase in log-transformed Hcy on AD risk: OR [95% CI] = 

1.4[1.2–1.7], variance explained by Hcy-PGS: ~5% [van Meurs et al., 2013], power: >80% 

assuming an odds ratio as low as 1.12 for the effect of Hcy on AD risk [Brion et al., 2013]). 

Using PGS has the advantage of providing evidence for the effect of lifetime exposure to 

higher Hcy levels, rather than the short-term effects that are assessed using Hcy-lowering 

randomized clinical trials. However, we cannot rule out the effect of canalization, that is, the 

compensatory feedback interactions that may buffer the effect of genetically determined 

Hcy.

Taken together, our integrative genetic analyses of multiple data sources, data types, 

outcome variables, and methods of analysis suggest that there is no causal association 

between elevated Hcy and AD in people of European ancestry. Accordingly, our results 

suggest that treating elevated Hcy levels would not necessarily protect against the 

development of AD. High Hcy has previously been proposed as a risk factor for coronary 

artery disease and ischemic stroke, both of which have higher prevalence in the aged 

population similar to AD. To date, there is also no evidence supporting a causal relationship 

between genetically determined Hcy and these diseases (Cotlarciuc et al., 2014, van Meurs 

et al., 2013).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Quality control of available individual participant data. Abbreviations: AD, Alzheimer’s 

disease; CN, cognitively normal.
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Fig. 2. 
Mendelian randomization analysis of the effect of plasma homocysteine on AD risk using 

summarized data. (A) The effect sizes of polymorphisms affecting plasma homocysteine on 

natural log-transformed homocysteine levels and risk for AD. Effect sizes for plasma 

homocysteine are extracted from van Meurs et al. (2013) and for AD risk are obtained from 

summary statistics from IGAP (Lambert et al., 2013). The effect estimate of plasma 

homocysteine on AD risk is represented by the red solid line. The 95% CI of this estimate is 

represented by the red dashed lines. The plot is created using the “gtx” package in R. (B) 

Mendelian randomization estimates for the effect of 1-standard deviation increase in 

genetically determined plasma homocysteine on AD risk (OR and 95% CI) are demonstrated 

for each plasma homocysteine risk allele (dark blue) and the overall fixed-effect meta-

analysis of all alleles (black). Abbreviations: AD, Alzheimer’s disease; CI, confidence 

interval; IGAP, International Genomics of Alzheimer’s Project; OR, odds ratio.
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Fig. 3. 
Mendelian randomization analysis of the effect of plasma homocysteine on AD risk using 

individual participant data (plasma homocysteine polygenic score association study). 

Estimates for the effect of 1-standard deviation increase in plasma homocysteine polygenic 

score on AD risk (OR and 95% CI) while accounting for the effects of age, sex, and APOE 

ε4 allele status are demonstrated for each study/imputation batch (dark blue). The overall 

result from the mega-analysis is shown in black. Abbreviations: AD, Alzheimer’s disease; 

CI, confidence interval; CN, cognitively normal; OR, odds ratio.
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Fig. 4. 
Effect of plasma homocysteine polygenic score on gray matter atrophy in cognitively normal 

elderly. (A) Results for whole-brain voxel-based morphometry of the effect of plasma 

homocysteine polygenic score on gray matter atrophy in 605 cognitively normal elderly 

depicted in the Montreal Neurological Institute (MNI) space. Significant voxels are shown in 

blue (threshold-free cluster enhancement, family-wise error corrected p < 0.05). (B) 

Bivariate correlations between average gray matter volume fraction in the significant voxels 

shown in (A) and plasma homocysteine polygenic score in each individual. Abbreviation: 

ROI, region of interest.
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Table 1.

Characteristics of participants included in the Mendelian randomization study of the effect of plasma 

homocysteine on AD risk using individual participant data

Study Diagnosis

GenADA CN (n = 609) AD (n = 672)

Age (y) (mean ± SD) 75.7 ± 6.2 79.7 ± 6.6

Sex (% female) 64% 59%

APOE ε4 (% 0/1/2 alleles) 75/23/2% 35/51/14%

MMSE score, mean ± SD (range) 29.1 ± 1.1 (20–30) 17.8 ± 8.6 (0–30)

ADC1 CN (n = 448) AD (n = 1555)

Age (y) (mean ± SD) 77.0 ± 6.5 78.7 ± 6.2

Sex (% female) 57% 50%

APOE ε4 (% 0/1/2 alleles) 71/27/2% 32/50/18%

MMSE score, mean ± SD (range) - -

ADC2 CN (n = 258) AD (n = 617)

Age (y) (mean ± SD) 76.6 ± 6.1 79.4 ± 6.0

Sex (% female) 71% 49%

APOE ε4 (% 0/1/2 alleles) 70/27/3% 33/50/17%

MMSE score, mean ± SD (range) - -

ADC3 CN (n = 415) AD (n = 640)

Age (y) (mean ± SD) 75.6 ± 7.2 78.8 ± 6.6

Sex (% female) 63% 51%

APOE ε4 (% 0/1/2 alleles) 76/22/2% 32/52/16%

MMSE score, mean ± SD (range) - -

ADNI1 CN (n = 190) AD (n = 146)

Age (y) (mean ± SD) 76.1 ± 4.6 77.3 ± 5.7

Sex (% female) 44% 45%

APOE ε4 (% 0/1/2 alleles) 73/25/2% 33/51/16%

MMSE score, mean ± SD (range) 29.1 ± 1.1 (25–30) 23.4 ± 2.1 (18–28)

ADNIGO/2 CN (n = 222) AD (n = 93)

Age (y) (mean ± SD) 73.8 ± 5.7 77.4 ± 5.9

Sex (% female) 52% 35%

APOE ε4 (% 0/1/2 alleles) 71/27/2% 33/53/14%

MMSE score, mean ± SD (range) 29.0 ± 1.3 (24–30) 23.2 ± 2.1 (19–26)

ROS1 CN (n = 264) AD (n = 151)

Age (y) (mean ± SD) 84.2 ±6.3 89.6 ± 6.2

Sex (% female) 61% 64%

APOE ε4 (% 0/1/2 alleles) 82/17/1% 70/27/3%

MMSE score, mean ± SD (range) 28.2 ± 1.7 (20–30) 12.8 ± 8.5 (0–27)

MAP1 CN (n = 306) AD (n = 160)

Age (y) (mean ± SD) 86.5 ± 6.8 90.9 ± 5.3

Sex (% female) 74% 68%
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Study Diagnosis

GenADA CN (n = 609) AD (n = 672)

APOE ε4 (% 0/1/2 alleles) 84/14/2% 64/35/1%

MMSE score, mean ± SD (range) 28.0 ± 1.8 (17–30) 13.5 ± 8.0 (0–27)

ROS2 CN (n = 50) AD (n = 22)

Age (y) (mean ± SD) 81.4 ± 7.0 87.5 ± 7.9

Sex (% female) 74% 73%

APOE ε4 (% 0/1/2 alleles) 78/20/2% 55/41/4%

MMSE score, mean ± SD (range) 28.3 ± 1.4 (24–30) 14.6 ± 7.8 (0–28)

MAP2 CN (n = 126) AD (n = 43)

Age (y) (mean ± SD) 84.0 ± 7.1 91.0 ± 5.6

Sex (% female) 70% 74%

APOE ε4 (% 0/1/2 alleles) 82/17/1% 65/35/0%

MMSE score, mean ± SD (range) 28.0 ± 1.6 (22–30) 14.5 ± 7.9 (0–28)

Age and MMSE data from GenADA and ADNI baseline and ROS/MAP last follow-up visits are used in the cross-sectional analyses and reported 
in the Table. MMSE data for cognitively normal participants are presented for the purpose of comparison and are not used in the analyses.

Key: AD, Alzheimer’s disease; ADC, Alzheimer’s Disease Centers; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CN, cognitively normal 
elderly; GenADA, Genotype-Phenotype Associations in Alzheimer’s Disease; MAP, Memory and Aging Project; MMSE, Mini–Mental State 
Examination; ROS, Religious Orders Study; SD, standard deviation.
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