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Abstract 

KLOTHO*VS heterozygosity (KL*VSHET+) was recently shown to be associated with reduced risk of 

Alzheimer’s disease (AD) in APOE*4 carriers. Additional studies suggest that KL*VSHET+ protects against 

amyloid burden in cognitively normal older subjects, but sample sizes were too small to draw definitive 

conclusions. We performed a well-powered meta-analysis across five independent studies, comprising 

3581 pre-clinical participants ages 60-80, to investigate whether KL*VSHET+ reduces the risk of having an 

amyloid-positive positron emission tomography scan. Analyses were stratified by APOE*4 status. 

KL*VSHET+ reduced the risk of amyloid positivity in APOE*4 carriers (OR=0.67 [0.52,0.88]; P=3.5x10-3), but 

not in APOE*4 non-carriers (OR=0.94 [0.73,1.21]; P=0.63). The combination of APOE*4 and KL*VS 

genotypes should help enrich AD clinical trials for pre-symptomatic subjects at increased risk of 

developing amyloid aggregation and AD. KL-related pathways may help elucidate protective mechanisms 

against amyloid accumulation and merit exploration for novel AD drug targets. Future investigation of the 

biological mechanisms by which KL interacts with APOE*4 and AD are warranted.  
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1. Introduction 

      With Alzheimer’s disease (AD) clinical trials moving towards minimally symptomatic or even pre-

symptomatic designs (Cummings et al., 2019; Sperling et al., 2011), which can be lengthy and costly, there 

is a crucial need to enrich for subjects likely to develop amyloid abnormalities and worsening symptoms. 

APOLIPOPROTEIN E*4 (APOE*4) is the strongest genetic risk factor for late-onset AD and a critical 

mediator of amyloid accumulation in the brain (Belloy et al., 2019). APOE*4 carriers, compared to non-

carriers, are at about 5-fold increased risk of AD (Belloy et al., 2020). Even in pre-symptomatic, cognitively 

normal subjects during early old age (60-80 years), APOE*4 carriers are also at about 5-fold increased risk 

of having an amyloid-positive PET scan (Jansen et al., 2015), increasing the risk for future cerebral tau 

pathology, cognitive decline, and ultimately dementia (Clifford R. Jack et.al, 2017). The APOE*4 genotype 

is therefore critical in estimating an individual’s risk of AD when attempting to enrich AD clinical trials for 

subjects likely to progress relatively quickly on the AD pathological spectrum (Ballard et al., 2019; Jack et 

al., 2018; Reiman et al., 2011).  

     Other genetic factors may mitigate APOE*4-related risk for AD. KLOTHO (KL) is a compelling candidate, 

as it has been implicated as a longevity factor promoting cognitive resilience during aging (Arking et al., 

2002; Dubal et al., 2014; Kurosu et al., 2005). Specifically, heterozygosity (HET+) for the KL*VS genotype has 

been associated with increased serum levels of KLOTHO, which in turn was associated with healthy brain 

aging and synaptic function (Dubal et al., 2014; Yokoyama et al., 2017, 2015). A recent large-scale meta-

analysis showed that KL*VSHET+ reduced AD risk in APOE*4 carriers by as much as 30% (Belloy et al., 2020). 

Additionally, in line with an earlier study (Erickson et al., 2019), KL*VSHET+ was associated with reduced 

amyloid burden in the brains of cognitively normal APOE*4 carriers during early old age. The combination 

of KL*VS and APOE genotypes may thus be important in refining individual AD risk and in guiding trial 

recruitment. Prior outcomes on amyloid burden were, however, obtained from cohorts of relatively small 

sample sizes (Belloy et al., 2020; Erickson et al., 2019). Here, we performed a well-powered meta-analysis 

across five independent studies to evaluate whether KL*VSHET+ reduces the risk of having an amyloid-

positive PET scan in cognitively normal APOE*4 carriers ages 60-80.  
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2. Materials and Methods 

2.1. Cohort ascertainment and PET processing 

     Five AD-related cohorts with genotype and amyloid PET data were included (Table1). Ascertainment 

and collection of genotype/phenotype data and PET image processing for each cohort are described in 

detail elsewhere (Dagley et al., 2017; Ellis et al., 2009; Jagust et al., 2015; Lane et al., 2017; Petersen et 

al., 2010; Sperling et al., 2020). Briefly, participants were included if they were diagnosed as cognitively 

normal, based off their respective study’s clinical assessments, cognitive battery performance criteria, and 

scoring above 24 on mini-mental state examinations (MMSE). Within each cohort, amyloid PET images 

were normalized to their cerebellar reference region to obtain standardized uptake value ratios (SUVR) 

or distribution volume ratios (DVR) in a composite of cortical brain areas. PET scans were then 

dichotomized as positive (abnormal) or negative (normal) using SUVR or DVR cutoffs defined 

independently in each of the five studies (Dagley et al., 2017; Ellis et al., 2009; Jagust et al., 2015; Lane et 

al., 2017; Petersen et al., 2010; Sperling et al., 2020).  

     Participants provided written informed consents in the original studies. The Stanford Institutional 

Review Board granted the current study protocol an exemption because the analyses were carried out on 

“de-identified, off-the-shelf” data. 

2.2. Genetic Data Processing 

     Genetic data underwent standard quality control, processing, and ancestry determination as previously 

described (Belloy et al., 2020; Yang et al., 2019). Only non-Hispanic subjects from Northwestern European 

ancestry were included to obtain the largest, most homogenous sample. For the AIBL cohort, genetic data 

for ancestry determination were not directly available, so included subjects were non-Hispanic Whites of 

European ancestry. For the HABS cohort, processing was slightly augmented with regard to prior work: 

two genotyping batches were first processed separately (retaining subjects/variants with genotyping rate 

>0.98, genotype missing rate >0.98, Hardy Weinberg equilibrium p<10-6, and identity-by-descent pi-

hat<0.125) and then merged (Yang et al., 2019). 

2.3. Study Design and Statistical Analyses  

     We evaluated the association of KL*VSHET+ with dichotomized amyloid PET outcome by APOE*4 status. 

All analyses were restricted to PET scans acquired when subjects were diagnosed as cognitively normal 

and between the ages of 60-80 years, consistent with prior work (Belloy et al., 2020). In longitudinal 
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studies (ADNI, AIBL, and HABS), only a single time point and related age-at-scan was retained per subject: 

(1) for subjects that only had amyloid negative outcomes, the latest time point was retained, and (2) for 

subjects that had an amyloid positive outcome at any time, the first amyloid positive time point was 

retained. Analyses were stratified to APOE*4 carriers (APOE*2/4, 3/4, 4/4) and non-carriers (APOE*2/2, 

2/3, 3/3), or to the full sample to test the formal interaction between APOE*4 status and KL*VSHET+. 

Outcomes were evaluated per cohort using logistic regression analyses and combined using fixed-effects 

inverse-variance weighted meta-analysis (testing heterogeneity with Cochran’s Q test). In all stratified 

models, the outcome was adjusted for age, sex, and the first three genetic principal components (where 

available) to account for population substructure. To evaluate the interaction between APOE*4 status and 

KL*VSHET+ in the full model, we additionally added terms for APOE*4 status and the APOE*4-by-KL*VSHET+ 

cross-product. Significance was determined as P<0.05 and effects are shown as odds ratios (OR) with 95% 

confidence intervals [CI].  

     Due to the wide range of sample sizes across cohorts, we conducted power analysis for each cohort for 

a range of a priori defined parameters and effect sizes at a significance level of P<0.05. Specifically, power 

was calculated for OR values ranging from 0.6 to 0.8, which is consistent with expectations from previously 

reported effect sizes of KL*VSHET+ on AD case-control status in APOE*4 carriers (OR=0.69) and for the 

APOE*4-by-KL*VSHET+ interaction effect (OR=0.73) (Belloy et al., 2020). This choice is motivated by the 

large correlation between amyloid status in cognitively normal subjects and prospective case-control 

status (Jansen et al., 2015). Estimates for prevalence and APOE*4-related risk of amyloid positivity in 

cognitively normal subjects were obtained from a prior large-scale amyloid PET meta-analysis (Jansen et 

al., 2015). Estimates of APOE*4 and KL*VSHET+ frequencies in cognitively normal subjects were derived 

from prior large-scale Alzheimer’s disease case-control meta-analyses (Belloy et al., 2020; Farrer et al., 

1997). 

     All analyses were performed in R v3.6.0 (metafor and simpleboot packages).  
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3. Results 

     We evaluated the association of KL*VSHET+ with amyloid PET positivity in cognitively normal subjects 

across five independent cohorts, comprising 1252 APOE*4 carriers and 2329 APOE*4 non-carriers (Table 

1). For each cohort and their respective meta-analyses, outcomes and power estimates for APOE*4-

stratified and APOE*4-by-KL*VSHET+ interaction tests are listed in Table 2. KL*VSHET+ was significantly 

associated with decreased risk for amyloid positivity in APOE*4 carriers (OR=0.67 [0.52,0.88]; P=3.5x10-

3), but not in APOE*4 non-carriers (OR=0.94 [0.73,1.21]; P=0.63). The APOE*4-by-KL*VSHET+ interaction 

was such that KL*VSHET+ displayed a stronger protective effect against amyloid positivity in APOE*4 carriers 

than in non-carriers, but this effect only reached trend-level significance (OR=0.70 [0.48,1.02]; P=0.062).  

     As a sensitivity test, meta-analyses were repeated after selecting PET time points closest to age 70.6 

(study mean age) in amyloid negative subjects, rather than selecting their last time point. Meta-analysis 

in APOE*4 carriers indicated the same effect as observed in the main analysis (OR=0.68 [0.52,0.88]; 

P=3.8x10-3). Further, to ensure an independent validation effort of prior studies, meta-analyses were 

repeated after excluding the ADNI cohort, in which the association of KL*VSHET+ with amyloid PET burden 

was investigated previously (Belloy et al., 2020). Meta-analysis in APOE*4 carriers indicated significantly 

reduced risk for amyloid positivity (OR=0.72 [0.55,0.95]; P=0.020) in this fully independent set of studies. 

In our final sensitivity analysis, we added APOE*2 and APOE*4 dosage, in addition to the other covariates, 

to the model. Findings were highly consistent with those of the main analyses (Table S1). For all presented 

meta-analyses, heterogeneity tests were non-significant. 
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4. Discussion 

     Our results show that KL*VSHET+ reduces the risk of an amyloid positive PET scan in cognitively normal 

APOE*4 carriers between the ages of 60 and 80. This finding replicates and strengthens prior observations 

that KL*VSHET+ reduces amyloid burden in cognitively normal APOE*4 carriers during early old age.  

     The effect size for the association of KL*VSHET+ with amyloid positivity in APOE*4 carriers (OR=0.67) was 

highly consistent with the previously reported effect size for the association of KL*VSHET+  with case-control 

status in APOE*4 carriers (OR=0.69) (Belloy et al., 2020). Notably, both APOE*4-stratified analyses had a 

power greater than 0.8 to detect the meta-analyzed effect size of KL*VSHET+ in APOE*4 carriers, indicating 

that the lack of effect in APOE*4 non-carriers was not due to power limitations. These findings thus 

validate the protective effect of KL*VSHET+ on AD risk specifically in APOE*4 carriers and align with 

observations that pre-symptomatic amyloid positive subjects are likely to convert to AD (Burnham et al., 

2016; Jack et al., 2013). Notably, in APOE*4 carriers, KL*VSHET+ only displayed a small protective effect in 

the Insight 46 cohort (OR=0.90) and a risk increasing effect in HABS (OR=6.09). However, both samples 

had low power to detect the expected effect size of KL*VSHET+ in APOE*4 carriers and displayed large 

variance on their outcome estimates. Particularly HABS had a small sample size compared to other 

cohorts, which could have led to spurious non-concordant associations. In contrast, in APOE*4 carriers 

from the large A4 cohort, KL*VSHET+ was associated with significantly decreased risk for amyloid positivity 

with a power close to 0.8.  

     We did not observe a significant interaction between KL*VSHET+ and APOE*4 to lower risk for amyloid 

positivity, contrary to what was previously reported for case-control association testing (Belloy et al., 

2020). However, the current effect size for the interaction (OR=0.70) was highly consistent with the 

previously reported one (OR=0.73) (Belloy et al., 2020) and the p-value was less than 0.1. In this study, 

the full meta-analysis on 3581 individuals with amyloid PET scans only showed a moderate power of 0.65 

to detect the APOE*4-by-KL*VSHET+ interaction. Increasing the sample size of subjects with amyloid PET 

scans may therefore increase power sufficiently to observe a significant interaction effect in future 

studies. Further, while we focused on APOE*4-stratified analyses, it’s important to consider that APOE-

related risk for AD and amyloid pathology varies strongly across APOE*2 and APOE*4 dosages, even within 

the considered APOE*4 positive and negative strata. In models that were adjusted for APOE*2 and 

APOE*4 dosage, we observed no clear differences with the main analyses, suggesting that the protective 

effect of KL*VSHET+ may be observed regardless of APOE*2/4, 3/4, or 4/4 status. Future larger-scale studies 
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will be required to specifically investigate the role of KL*VSHET+ per APOE genotype, as the current study 

did not provide sufficient power in these substrata.  

     One limitation is that across the included cohorts, the use of different acquisition methods, PET tracers, 

and study-specific SUVR/DVR thresholds, precluded a single harmonized analysis. Since raw SUVR/DVR 

values weren’t available for all cohorts, it was also not possible to implement a standardization procedure 

for amyloid positivity inference (Mormino et al., 2014). However, these limitations were largely addressed 

by performing cross-cohort meta-analyses that showed no significant heterogeneity. Only in APOE*4 

carriers heterogeneity tests reached trend-level significance, but this was due to large sways in effect sizes 

in ADNI and HABS, which was likely a consequence of these cohorts’ small sample sizes. Indeed, prior work 

indicated that amyloid PET positivity outcomes compare well across different amyloid PET tracers (Landau 

et al., 2014), supporting the current study design. Finally, due to the lack of information on Northwestern 

European ancestry and genetic principal components in AIBL, the reported outcomes in AIBL may have 

higher intrinsic variance. The current study focused on subjects of Northwestern European ancestry to 

obtain the largest genetically homogenous sample (majority of the subjects), which precludes 

generalization of our findings. When larger, ethnically diverse samples with amyloid PET or cerebrospinal 

fluid measurements become available, future studies should explore the effect of KL*VSHET+ in different 

ancestral groups. 

     A functional link between KL*VSHET+ and AD may be reflected in the association of KL*VSHET+ with 

increased KLOTHO protein levels, but it currently remains unclear how KL*VS interacts with APOE*4 to 

modulate amyloid pathology. Some evidence suggests that AMYLOID BETA PRECURSOR PROTEIN (APP) 

regulates KL expression (Li et al., 2010), which in turn may increase levels of DISINTEGRIN AND 

METALLOPROTEINASE DOMAIN-CONTAINING PROTEIN 10 (ADAM10) to reduce amyloid beta burden 

through autophagy-mediated clearance (Kuang et al., 2017; Zeng et al., 2019). Since the most prominent 

effect of APOE*4 with regard to AD is to increase amyloid burden, this may explain why the protective 

effect of KL*VS on amyloid burden appears stratified to APOE*4 carriers. These hypotheses require 

empirical interrogation. Further, since amyloid pathology only reflects the initial aspect of AD pathology, 

to fully understand the role of KL*VS in AD and its potential value for clinical trial enrichment, it will also 

be relevant to evaluate whether KL*VSHET+ affects tau pathology, the key driver of disease progression in 

AD (Bejanin et al., 2017). Lastly, the rarer KL*VS homozygous genotype, in contrast to KL*VS 

heterozygosity, has been associated with negative effects on lifespan (Arking et al., 2002), brain-aging 

resilience (Yokoyama et al., 2017), cognition (Yokoyama et al., 2015), and KLOTHO serum levels 
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(Yokoyama et al., 2017). It will therefore be relevant for larger subsequent studies to evaluate whether 

KL*VS homozygosity is associated with increased amyloid burden. 

5. Conclusion 

     Overall, our findings suggest that KL*VSHET+ reduces the risk of having an amyloid positive PET scan in 

cognitively normal APOE*4 carriers between the ages of 60 to 80, thereby validating prior findings that 

KL*VSHET+ is associated with reduced amyloid burden and AD risk in APOE*4 carriers. This suggests that 

KL*VS genotype may prove useful for clinical trial enrichment. Specifically, restricting APOE*4 carriers to 

those without KL*VSHET+ should enrich pre-symptomatic recruitment studies for subjects at increased risk 

of developing amyloid aggregation and AD. Future investigations of the biological mechanisms by which 

KL interacts with AD are warranted and will support exploration of KL-related pathways for novel AD drug 

targets.



10 
 

Acknowledgements  

Funding for this study was provided by the The Iqbal Farrukh & Asad Jamal Center for Cognitive Health in 

Aging, the NIH (AG060747 and AG047366, granted to M.D.G; AG066206 granted to Z.H.), and the 

Alzheimer’s Association (AARF-20-683984, granted to M.E.B). A.A. holds a Medical Research Council 

(MRC) eMedLab Medical Bioinformatics Career Development Fellowship (grant number MR/L016311/1). 

Data collection and sharing for this project was funded by the Alzheimer's Disease Neuroimaging Initiative 

(ADNI) (National Institutes of Health Grant U01 AG024904) and DOD ADNI (Department of Defense award 

number W81XWH-12-2-0012). ADNI is funded by the National Institute on Aging, the National Institute of 

Biomedical Imaging and Bioengineering and through generous contributions from the following: AbbVie. 

Alzheimer’s Association; Alzheimer’s Drug Discovery Foundation; Araclon Biotech; BioClinica. Inc.; Biogen; 

Bristol-Myers Squibb Company; CereSpir. Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals. Inc.; Eli Lilly and 

Company; EuroImmun; F. Hoffmann-La Roche Ltd and its affiliated company Genentech. Inc.; Fujirebio; 

GE HealtControlsare; IXICO Ltd.; Janssen Alzheimer Immunotherapy Research & Development. LLC.; 

Johnson & Johnson Pharmaceutical Research & Development LLC.; Lumosity; Lundbeck; Merck & Co. Inc.; 

Meso Scale Diagnostics. LLC.; NeuroRx Research; Neurotrack Technologies; Novartis Pharmaceuticals 

Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical Company; and Transition 

Therapeutics. The Canadian Institutes of Health Research is providing funds to support ADNI clinical sites 

in Canada. Private sector contributions are facilitated by the Foundation for the National Institutes of 

Health. The grantee organization is the Northern California Institute for Research and Education, and the 

study is coordinated by the Alzheimer’s Therapeutic Research Institute at the University of Southern 

California. ADNI data are disseminated by the Laboratory for Neuro Imaging at the University of Southern 

California.  

The A4 Study is a secondary prevention trial in preclinical Alzheimer's disease, aiming to slow cognitive 

decline associated with brain amyloid accumulation in clinically normal older individuals. The A4 Study is 

funded by a public-private-philanthropic partnership, including funding from the National Institutes of 

Health-National Institute on Aging, Eli Lilly and Company, Alzheimer's Association, Accelerating Medicines 

Partnership, GHR Foundation, an anonymous foundation and additional private donors, with in-kind 

support from Avid and Cogstate. The companion observational Longitudinal Evaluation of Amyloid Risk 

and Neurodegeneration (LEARN) Study is funded by the Alzheimer's Association and GHR Foundation. The 

A4 and LEARN Studies are led by Dr. Reisa Sperling at Brigham and Women's Hospital, Harvard Medical 

School and Dr. Paul Aisen at the Alzheimer's Therapeutic Research Institute (ATRI), University of Southern 



11 
 

California. The A4 and LEARN Studies are coordinated by ATRI at the University of Southern California, and 

the data are made available through the Laboratory for Neuro Imaging at the University of Southern 

California. The participants screening for the A4 Study provided permission to share their de-identified 

data in order to advance the quest to find a successful treatment for Alzheimer's disease. We would like 

to acknowledge the dedication of all the participants, the site personnel, and all of the partnership team 

members who continue to make the A4 and LEARN Studies possible. The complete A4 Study Team list is 

available on: a4study.org/a4-study-team. 

We thank all those who took part as a participant in the AIBL study for their commitment and dedication 

to helping advance research into the early detection and causation of AD. Funding for the AIBL study was 

provided in part by the study partners [Commonwealth Scientific Industrial and research Organization 

(CSIRO), Edith Cowan University (ECU), Mental Health Research institute (MHRI), National Ageing 

Research Institute (NARI), Austin Health, CogState Ltd.]. The AIBL study has also received support from 

the National Health and Medical Research Council (NHMRC) and the Dementia Collaborative Research 

Centres program (DCRC2), as well as funding from the Science and Industry Endowment Fund (SIEF) and 

the Cooperative Research Centre (CRC) for Mental Health – funded through the CRC Program (Grant 

ID:20100104), an Australian Government Initiative.  

Insight 46 is funded by grants from Alzheimer’s Research UK (ARUK-PG2014–1946, ARUK-PG2017-1946 

PIs Schott, Fox, Richards), the Medical Research Council Dementias Platform UK (CSUB19166 PIs Schott, 

Fox, Richards), the Wolfson Foundation (PR/ylr/18575 PIs Fox, Schott), the Medical Research Council 

(MC_UU_12019/1 PI Kuh and MC_UU_12019/3 PI Richards), the Wellcome Trust (Clinical Research 

Fellowship 200,109/Z/15/Z Parker) and Brain Research Trust (UCC14191, PI Schott). AVID 

Radiopharmaceuticals (a wholly owned subsidiary of Eli Lilly) provide the PET amyloid tracer (Florbetapir) 

but had no part in the design of the study. 

Data used in the preparation of this article were obtained from the Harvard Aging Brain Study (HABS - 

P01AG036694; https://habs.mgh.harvard.edu). The HABS study was launched in 2010, funded by the 

National Institute on Aging, and is led by principal investigators Reisa A. Sperling MD and Keith A. Johnson 

MD at Massachusetts General Hospital/Harvard Medical School in Boston, MA.  

http://a4study.org/a4-study-team/


12 
 

Author contributions 

M.E.B. performed data processing, performed data analyses, designed analyses, designed study, wrote 

paper, and obtained funding. S.J.E. performed data processing, performed data analyses, and wrote 

paper. Y.L., K.D.D., and M.A.S. performed data processing. V.N. performed data processing and designed 

analyses. S.-N.J., A.W., and J.M.S. contributed data. E.C.M, Z.H, and S.S.H. designed analyses. T.P. and S.L. 

contributed data and performed data processing. H.-S.Y., R.A.S, and A.A. contributed data, performed 

data processing, and performed data analyses. M.D.G designed study, designed analyses, supervised 

work, wrote paper, and obtained funding.  

*1Data used in this manuscript were obtained from the A4 Study publicly available dataset 

(ida.loni.usc.edu). As such the A4 Study team contributed to the design and data collection of A4 but did 

not participate in the analyses or writing of this manuscript. A complete listing of the A4 Study Team is 

available at: a4study.org/a4-study-team. 

*2Data used in this manuscript were obtained from the neuroscience sub study of the 1946 British birth 

cohort (Insight 46). As such the Insight 46 Study team contributed to the design and data collection of 

Insight 46 but did not participate in the analyses or writing of this manuscript.  

*3Data used in the preparation of this article was obtained from the Australian Imaging Biomarkers and 

Lifestyle (AIBL) Study funded by the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO). Unless otherwise listed, AIBL researchers contributed to the design and data collection of AIBL 

but did not participate in analysis or writing of this report. AIBL researchers are listed at www.aibl.csiro.au. 

*4Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging 

Initiative (ADNI) database (adni.loni.usc.edu). As such, the investigators within the ADNI contributed to 

the design and implementation of ADNI and/or provided data but did not participate in analysis or writing 

of this report. A complete listing of ADNI investigators can be found at: 

http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf 

 

Potential Conflicts of Interest 

The authors have no conflicts of interest to declare.  

http://a4study.org/a4-study-team/
http://www.aibl.csiro.au/
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf


13 
 

References 

Arking, D.E., Krebsova, A., Macek, M., Macek, M., Arking, A., Mian, I.S., Fried, L., Hamosh, A., Dey, S., 
McIntosh, I., Dietz, H.C., 2002. Association of human aging with a functional variant of klotho. Proc. 
Natl. Acad. Sci. U. S. A. 99, 856–861. https://doi.org/10.1073/pnas.022484299 

Ballard, C., Atri, A., Boneva, N., Cummings, J.L., Frölich, L., Molinuevo, J.L., Tariot, P.N., Raket, L.L., 2019. 
Enrichment factors for clinical trials in mild-to-moderate Alzheimer’s disease. Alzheimer’s Dement. 
Transl. Res. Clin. Interv. 5, 164–174. https://doi.org/10.1016/j.trci.2019.04.001 

Bejanin, A., Schonhaut, D.R., Joie, R. La, Kramer, J.H., Baker, S.L., Sosa, N., Ayakta, N., Cantwell, A., 
Janabi, M., Lauriola, M., Neil, J.P.O., Gorno-tempini, M.L., Miller, Z.A., Rosen, H.J., Miller, B.L., 
Jagust, W.J., Rabinovici, G.D., 2017. Tau pathology and neurodegeneration contribute to cognitive 
impairment in Alzheimer’s disease. Brain 140, 3286–3300. https://doi.org/10.1093/brain/awx243 

Belloy, M.E., Napolioni, V., Greicius, M.D., 2019. A Quarter Century of APOE and Alzheimer’s Disease: 
Progress to Date and the Path Forward. Neuron 101, 820–838. 
https://doi.org/10.1016/j.neuron.2019.01.056 

Belloy, M.E., Napolioni, V., Han, S.S., Guen, Y. Le, Greicius, M.D., Initiative,  for the A.D.N., 2020. 
Association of Klotho-VS Heterozygosity With Risk of Alzheimer Disease in Individuals Who Carry 
APOE4. JAMA Neurol. E1-14. https://doi.org/10.1001/jamaneurol.2020.0414 

Burnham, S.C., Bourgeat, P., Doré, V., Savage, G., Brown, B., Laws, S., Maruff, P., Salvado, O., Ames, D., 
Martins, R.N., Masters, C.L., Rowe, C.C., Villemagne, V.L., 2016. Clinical and cognitive trajectories in 
cognitively healthy elderly individuals with suspected non-Alzheimer’s disease pathophysiology 
(SNAP) or Alzheimer’s disease pathology: a longitudinal study. Lancet Neurol. 15, 1044–1053. 
https://doi.org/10.1016/S1474-4422(16)30125-9 

Clifford R. Jack et.al, 2013, 2017. Update on hypothetical model of Alzheimer’s disease biomarkers 12, 
207–216. https://doi.org/10.1016/S1474-4422(12)70291-0.Update 

Cummings, J., Lee, G., Ritter, A., Sabbagh, M., Zhong, K., 2019. Alzheimer’s disease drug development 
pipeline: 2019. Alzheimers Dement 5, 272–293. https://doi.org/10.1016/j.trci.2019.05.008 

Dagley, A., Lapoint, M., Huijbers, W., Hedden, T., Donald, G., Chatwal, J.P., Papp, K. V, Amariglio, R.E., 
Blacker, D., Rentz, D.M., Johnson, K.A., Sperling, R.A., Schultz, A.P., 2017. Harvard Aging Brain 
Study: dataset and accessibility Alexander. Neuroimage 144, 255–258. 
https://doi.org/10.1016/j.neuroimage.2015.03.069. 

Dubal, D.B., Yokoyama, J.S., Zhu, L., Broestl, L., Worden, K., Wang, D., Sturm, V.E., Kim, D., Klein, E., Yu, 
G.Q., Ho, K., Eilertson, K.E., Yu, L., Kuro-o, M., De Jager, P.L., Coppola, G., Small, G.W., Bennett, 
D.A., Kramer, J.H., Abraham, C.R., Miller, B.L., Mucke, L., 2014. Life Extension Factor Klotho 
Enhances Cognition. Cell Rep. 7, 1065–1076. https://doi.org/10.1016/j.celrep.2014.03.076 

Ellis, K.A., Bush, A.I., Darby, D., Fazio, D. De, Foster, J., Hudson, P., Lautenschlager, N.T., Lenzo, N., 
Martins, R.N., Maruff, P., Masters, C., Milner, A., Pike, K., Rowe, C., Savage, G., Szoeke, C., Taddei, 
K., Villemagne, V., Woodward, M., Ames, D., For the AIBL Research Group, 2009. The Australian 
Imaging, Biomarkers and Lifestyle (AIBL) study of aging: methodology and baseline characteristics 
of 1112 individuals recruited for a longitudinal study of Alzheimer’s disease. Int. Psychogeriatrics 



14 
 

21, 672–687. https://doi.org/10.1017/S1041610209009405 

Erickson, C.M., Schultz, S.A., Oh, J.M., Darst, B.F., Ma, Y., Norton, D., Betthauser, T., Gallagher, C.L., 
Carlsson, C.M., Bendlin, B.B., Asthana, S., Hermann, B.P., Sager, M.A., Blennow, K., Zetterberg, H., 
Engelman, C.D., Christian, B.T., Johnson, S.C., Dubal, D.B., Okonkwo, O.C., 2019. KLOTHO 
heterozygosity attenuates APOE4-related amyloid burden in preclinical AD. Neurology 92, e1878–
e1889. https://doi.org/10.1212/WNL.0000000000007323 

Farrer, L.A., Cuppples, L.A., Haines, J.L., Hyman, B., Kukull, W.A., Mayeux, R., Myers, R.H., Pericak-vance, 
M.A., Risch, N., van Duijn, C.M., for the APOE and Alzheimer Disease Meta Analaysis Consortium, 
1997. Effects of Age, Sex, and Ethnicity on the Association Between Apolipoprotein E Genotype and 
Alzheimer Disease. JAMA 278, 1349–1356. 

Jack, C.R., Bennett, D.A., Blennow, K., Carrillo, M.C., Dunn, B., Budd, S., Holtzman, D.M., Jagust, W., 
Jessen, F., Karlawish, J., Liu, E., Luis, J., Montine, T., Phelps, C., Rankin, K.P., Rowe, C.C., Scheltens, 
P., Siemers, E., Snyder, H.M., Sperling, R., 2018. NIA-AA Research Framework: Toward a biological 
definition of Alzheimer’s disease. Alzheimer’s Dement. 14, 535–562. 
https://doi.org/10.1016/j.jalz.2018.02.018 

Jack, C.R., Knopman, D.S., Jagust, W.J., Petersen, R.C., Weiner, M.W., Aisen, P.S., Shaw, L.M., Vemuri, P., 
Wiste, H.J., Weigand, S.D., Lesnick, T.G., Pankratz, V.S., Donohue, M.C., Trojanowski, J.Q., 2013. 
Tracking pathophysiological processes in Alzheimer’s disease: An updated hypothetical model of 
dynamic biomarkers. Lancet Neurol. 12, 207–216. https://doi.org/10.1016/S1474-4422(12)70291-0 

Jagust, W.J., Landau, S.M., Koeppe, R.A., Reiman, E.M., Chen, K., Mathis, C.A., Price, J.C., Foster, N.L., 
Wang, A.Y., 2015. The ADNI PET Core: 2015. Alzheimers Dement 11, 757–771. 
https://doi.org/10.1016/j.jalz.2015.05.001. 

Jansen, W.J., Ossenkoppele, R., Knol, D.L., Tijms, B.M., Scheltens, P., Verhey, F.R.J., Visser, P.J., Aalten, 
P., Aarsland, D., Alcolea, D., Alexander, M., Almdahl, I.S., Arnold, S.E., Baldeiras, I., Barthel, H., Van 
Berckel, B.N.M., Bibeau, K., Blennow, K., Brooks, D.J., Van Buchem, M.A., Camus, V., Cavedo, E., 
Chen, K., Chetelat, G., Cohen, A.D., Drzezga, A., Engelborghs, S., Fagan, A.M., Fladby, T., Fleisher, 
A.S., Van Der Flier, W.M., Ford, L., Forster, S., Fortea, J., Foskett, N., Frederiksen, K.S., Freund-Levi, 
Y., Frisoni, G.B., Froelich, L., Gabryelewicz, T., Gill, K.D., Gkatzima, O., Gomez-Tortosa, E., Gordon, 
M.F., Grimmer, T., Hampel, H., Hausner, L., Hellwig, S., Herukka, S.K., Hildebrandt, H., Ishihara, L., 
Ivanoiu, A., Jagust, W.J., Johannsen, P., Kandimalla, R., Kapaki, E., Klimkowicz-Mrowiec, A., Klunk, 
W.E., Kohler, S., Koglin, N., Kornhuber, J., Kramberger, M.G., Van Laere, K., Landau, S.M., Lee, D.Y., 
De Leon, M., Lisetti, V., Lleo, A., Madsen, K., Maier, W., Marcusson, J., Mattsson, N., De Mendonca, 
A., Meulenbroek, O., Meyer, P.T., Mintun, M.A., Mok, V., Molinuevo, J.L., Mollergard, H.M., Morris, 
J.C., Mroczko, B., Van Der Mussele, S., Na, D.L., Newberg, A., Nordberg, A., Nordlund, A., Novak, 
G.P., Paraskevas, G.P., Parnetti, L., Perera, G., Peters, O., Popp, J., Prabhakar, S., Rabinovici, G.D., 
Ramakers, I.H.G.B., Rami, L., De Oliveira, C.R., Rinne, J.O., Rodrigue, K.M., Rodriguez-Rodriguez, E., 
Roe, C.M., Rot, U., Rowe, C.C., Ruther, E., Sabri, O., Sanchez-Juan, P., Santana, I., Sarazin, M., 
Schroder, J., Schutte, C., Seo, S.W., Soetewey, F., Soininen, H., Spiru, L., Struyfs, H., Teunissen, C.E., 
Tsolaki, M., Vandenberghe, R., Verbeek, M.M., Villemagne, V.L., Vos, S.J.B., Van Waalwijk Van 
Doorn, L.J.C., Waldemar, G., Wallin, A., Wallin, A.K., Wiltfang, J., Wolk, D.A., Zboch, M., Zetterberg, 
H., 2015. Prevalence of cerebral amyloid pathology in persons without dementia: A meta-analysis. 
JAMA 313, 1924–1938. https://doi.org/10.1001/jama.2015.4668 

Kuang, X., Zhou, H.J., Thorne, A.H., Chen, X.N., Li, L.J., Du, J.R., 2017. Neuroprotective effect of ligustilide 



15 
 

through induction of α-secretase processing of both APP and Klotho in a mouse model of 
Alzheimer’s disease. Front. Aging Neurosci. 9, 353. https://doi.org/10.3389/fnagi.2017.00353 

Kurosu, H., Yamamoto, M., Clark, J.D., Pastor, J. V., Nandi, A., Gurnani, P., McGuinness, O.P., Chikuda, H., 
Yamaguchi, M., Kawaguchi, H., Shimomura, I., Takayama, Y., Herz, J., Kahn, C.R., Rosenblatt, K.P., 
Kuro-o, M., 2005. Suppression of aging in mice by the hormone Klotho. Science 309, 1829–1833. 
https://doi.org/10.1126/science.1112766 

Landau, S., Thomas, B., Thurfjell, L., Schmidt, M., Margolin, R., Mintun, M., Pontecorvo, M., Baker, S., 
Jagust, W., For the Alzheimer’s Disease Neuroimaging Initiative, 2014. Amyloid PET imaging in 
Alzheimer’s disease: A comparison of three radiotracers. Eur J Nucl Med Mol Imaging 41, 1398–
1407. https://doi.org/10.1007/s00259-014-2753-3. 

Lane, C.A., Parker, T.D., Cash, D.M., Macpherson, K., Donnachie, E., Murray-smith, H., Barnes, A., Barker, 
S., Beasley, D.G., Bras, J., Brown, D., Burgos, N., Byford, M., Cardoso, M.J., Carvalho, A., Collins, J., 
Vita, E. De, Dickson, J.C., Epie, N., Espak, M., Henley, S.M.D., Hoskote, C., Hutel, M., Klimova, J., 
Malone, I.B., Markiewicz, P., Melbourne, A., Modat, M., Schrag, A., Shah, S., Sharma, N., Sudre, 
C.H., Thomas, D.L., Wong, A., Zhang, H., Hardy, J., Zetterberg, H., Ourselin, S., Crutch, S.J., Kuh, D., 
Richards, M., Fox, N.C., Schott, J.M., 2017. Study protocol: Insight 46 – a neuroscience sub-study of 
the MRC National Survey of Health and Development. BMC Neurol. 17, 1–25. 
https://doi.org/10.1186/s12883-017-0846-x 

Li, H., Wang, B., Wang, Z., Guo, Q., Tabuchi, K., Hammer, R.E., Südhof, T.C., Zheng, H., 2010. Soluble 
amyloid precursor protein (APP) regulates transthyretin and Klotho gene expression without 
rescuing the essential function of APP. Proc. Natl. Acad. Sci. U. S. A. 107, 17362–17367. 
https://doi.org/10.1073/pnas.1012568107 

Mormino, E.C., Betensky, R.A., Hedden, T., Schultz, A.P., Ward, A., Huijbers, W., Rentz, D.M., Johnson, 
K.A., Sperling, R.A., 2014. Amyloid and APOE e4 interact to influence short-term decline in 
preclinical Alzheimer disease. Neurology 82, 1760–1767. 

Petersen, R.C., Aisen, P.S., Beckett, L.A., Donohue, M.C., Gamst, A.C., Harvey, D.J., Jack, C.R., Jagust, W.J., 
Shaw, L.M., Toga, A.W., Trojanowski, J.Q., Weiner, M.W., 2010. Alzheimer’s Disease Neuroimaging 
Initiative (ADNI): Clinical characterization. Neurology 74, 201–209. 
https://doi.org/10.1212/WNL.0b013e3181cb3e25 

Reiman, E.M., Langbaum, J.B.S., Fleisher, A.S., Caselli, R.J., Chen, K., Ayutyanont, N., Quiroz, Y.T., Kosik, 
K.S., Lopera, F., Tariot, P.N., 2011. Alzheimer’s Prevention Initiative: A Plan to Accelerate the 
Evaluation of Presymptomatic Treatments. J. Alzheimer’s Dis. 26, 321–329. 
https://doi.org/10.3233/JAD-2011-0059. 

Sperling, R.A., Aisen, P.S., Beckett, L.A., Bennet, D.A., Craft, S., Fagan, A.M., Iwatsubo, T., Clifford, R.J.J., 
Kaye, J., Montine, T.J., Park, D.C., Reiman, E.M., Rowe, C.C., Siemers, E., Stern, Y., Yaffe, K., Carrillo, 
M.C., Thies, B., Morrison-Bogorad, M., Wagster, M. V, Phelps, C.H., 2011. Toward defining the 
preclinical stages of Alzheimer’s disease: Recommendations from the National Institute on Aging- 
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers 
Dement 7, 280–292. https://doi.org/10.1016/j.jalz.2011.03.003. 

Sperling, R.A., Donohue, M.C., Raman, R., Sun, C., Yaari, R., Holdridge, K., Siemers, E., Johnson, K.A., 
Aisen, P.S., Study, A., 2020. Association of Factors With Elevated Amyloid Burden in Clinically 



16 
 

Normal Older Individuals. JAMA Neurol. E1-11. https://doi.org/10.1001/jamaneurol.2020.0387 

Yang, H., Chhatwal, J.P., Xu, J., White, C.C., Rabin, J.S., Papp, K. V, Buckley, R.F., Aaron, P., Properzi, M.J., 
Gatchel, J.R., Amariglio, R.E., Donovan, J., Mormino, E.C., Hedden, T., Marshall, G.A., Dorene, M., 
Johnson, K.A., Jager, P.L. De, Sperling, R.A., 2019. An UNC5C Allele Predicts Cognitive Decline and 
Hippocampal Atrophy in Clinically Normal Older Adults. J. Alzheimer’s Dis. 68, 1161–1170. 
https://doi.org/10.3233/JAD-180788. 

Yokoyama, J.S., Marx, G., Brown, J.A., Bonham, L.W., Wang, D., Coppola, G., Seeley, W.W., Rosen, H.J., 
Miller, B.L., Kramer, J.H., Dubal, D.B., 2017. Systemic klotho is associated with KLOTHO variation 
and predicts intrinsic cortical connectivity in healthy human aging. Brain Imaging Behav. 11, 391–
400. https://doi.org/10.1007/s11682-016-9598-2 

Yokoyama, J.S., Sturm, V.E., Bonham, L.W., Klein, E., Arfanakis, K., Yu, L., Coppola, G., Kramer, J.H., 
Bennett, D.A., Miller, B.L., Dubal, D.B., 2015. Variation in longevity gene KLOTHO is associated with 
greater cortical volumes. Ann. Clin. Transl. Neurol. 2, 215–230. https://doi.org/10.1002/acn3.161 

Zeng, C.Y., Yang, T.T., Zhou, H.J., Zhao, Y., Kuang, X., Duan, W., Du, J.R., 2019. Lentiviral vector–mediated 
overexpression of Klotho in the brain improves Alzheimer’s disease–like pathology and cognitive 
deficits in mice. Neurobiol. Aging 78, 18–28. https://doi.org/10.1016/j.neurobiolaging.2019.02.003 

  



17 
 

Tables 

Table 1. Demographics of subjects ages 60 to 80 and cognitively normal at time of amyloid PET imaging. 

 

Data were available from the Alzheimer’s Disease Neuroimaging Initiative (ADNI), the Anti-Amyloid 

Treatment in Asymptomatic Alzheimer disease Study (A4), the Australian Imaging Biomarkers and Lifestyle 

Study of Ageing (AIBL), Insight 46 (a neuroscience sub-study of the MRC National Survey of Health and 

Development), and the Harvard Aging Brain Study (HABS). 

*In the Insight 46 cohort, the rs7412 variant (which provides information on APOE*2 status) was not 

directly genotyped in all subjects and could not be imputed with high reliability. 

Abbreviations: SD, standard deviation; MMSE, Mini-mental state examination; PET, Positron emission 

tomography.  

Characteristic

ADNI

(n = 229)

A4

(n = 2294)

AIBL

(n = 515)

Insight 46 

(n = 415)

HABS

(n = 128)

APOE *4 status, No. (%) (n = 229) (n = 2294) (n = 515) (n = 415) (n = 128)

    APOE *4+ 72 (31.4%) 876 (38.2%) 144 (28.0%) 117 (28.2%) 43 (33.6%)

    APOE *4- 157 (68.6%) 1418 (61.8%) 371 (72.0%) 298 (71.8%) 85 (66.4%)

APOE  genotype, No. (%) (n = 229) (n = 2294) (n = 515) (n = 403)* (n = 128)

    2/2 0 (0%) 9 (0.4%) 2 (0.4%) 0 (0%) 2 (1.6%)

    2/3 29 (12.7%) 210 (9.2%) 70 (13.6%) 53 (13.1%) 5 (3.9%)

    2/4 5 (2.2%) 63 (2.7%) 10 (1.9%) 7 (1.7%) 5 (3.9%)

    3/3 128 (55.9%) 1199 (52.3%) 299 (58.1%) 233 (57.8%) 77 (60.2%)

    3/4 64 (27.9%) 732 (31.9%) 116 (22.5%) 100 (24.8%) 36 (28.1%)

    4/4 3 (1.3%) 81 (3.5%) 18 (3.5%) 10 (2.5%) 2 (1.6%)

Age, Mean (SD), y (n = 229) (n = 2294) (n = 515) (n = 415) (n = 128)

    60-80y 73.69 (4.40) 70.60 (3.89) 72.10 (5.05) 70.65 (0.67) 73.76 (3.78)

         APOE *4+ 72.07 (4.77) 70.24 (3.76) 71.34 (4.98) 70.64 (0.68) 73.14 (3.89)

         APOE *4- 74.44 (4.02) 70.83 (3.95) 72.40 (5.06) 70.66 (0.67) 74.08 (3.71)

Sex, No. (%) (n = 229) (n = 2294) (n = 515) (n = 415) (n = 128)

    Female 126 (55.0%) 1431 (62.4%) 278 (56.6%) 201 (48.4%) 71 (55.5%)

     APOE *4+ (n = 72) (n = 876) (n = 144) (n = 117) (n = 43)

         Female 43 (59.7%) 541 (61.8%) 79 (54.9%) 55 (47.0%) 25 (58.1%)

     APOE *4- (n = 157) (n = 1418) (n = 371) (n = 298) (n = 85)

         Female 83 (52.9%) 890 (62.8%) 215 (60.0%) 146 (49.0%) 46 (54.1%)

Education (n = 229) (n = 2292) (n = 515) (n = 415) (n = 128)

    Mean (SD), y 16.54 (2.51) 16.62 (2.68) - - 16.23 (3.00)

    < 13 y, No. (%) 23 (10.0%) 202 (8.8%) 235 (45.6%) 170 (41.0%) 26 (20.3%)

    ≥ 13 y, No. (%) 206 (90.0%) 2090 (91.1%) 280 (54.4%) 245 (59.0%) 102 (79.7%)

MMSE score (n = 229) (n = 2294) (n = 515) (n = 415) (n = 128)

    Mean (SD) 29.12 (1.07) 28.96 (1.13) 28.75 (1.20) 29.28 (0.90) 29.28 (0.87)

Amyloid PET, No. (%) (n = 229) (n = 2294) (n = 515) (n = 415) (n = 128)

    Amyloid Positive 97 (42.4%) 632 (27.6%) 183 (35.5%) 73 (17.6%) 49 (38.3%)

     APOE *4+ (n = 72) (n = 876) (n = 144) (n = 117) (n = 43)

        Amyloid Positive 48 (66.7%) 426 (48.6%) 85 (59.0%) 42 (35.9%) 30 (69.8%)

     APOE *4- (n = 157) (n = 1418) (n = 371) (n = 298) (n = 85)

        Amyloid Positive 49 (31.2%) 206 (14.5%) 98 (26.4%) 31 (10.4%) 19 (22.4%)
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Table 2. Association of KL*VSHET+ with amyloid PET positivity status, stratified by APOE*4 status, in 

cognitively normal subjects ages 60 to 80. 

 

Power is directly reported in the table for an OR of 0.7 and additionally for OR values ranging from 0.6 to 

0.8 [denoted by square brackets], corresponding to a priori expected effect sizes (cf. methods). 

†Cochran’s Q tests for heterogeneity were non-significant for the displayed meta-analyses across all 

cohorts in the APOE*4+ (Q=9.01, P=0.06), APOE*4- (Q=1.24, P=0.87), and full sample (Q=7.24, P=0.12). 

‡Meta-analyses were repeated after excluding ADNI to ensure a fully independent validation effort of prior 

work (Belloy et al., 2020). Cochran’s Q tests for heterogeneity were non-significant for the displayed meta-

analyses across cohorts, when excluding ADNI, in the APOE*4+ (Q=3.95, P=0.27), APOE*4- (Q=1.22, 

P=0.75), and full sample (Q=3.12, P=0.37). 

Study                       

'''Stratum

Amy- with           

KL* VSHET+  

(N/total)

Amy+ with              

KL* VSHET+  

(N/total)

Odds Ratio                    

[95% CI]

P-value Power Amy- with           

KL* VSHET+  

(N/total)

Amy+ with              

KL* VSHET+  

(N/total)

Odds Ratio                    

[95% CI]

P-value Power

ADNI

    APOE *4+ 14/24            

(58.3%)

10/48                 

(20.8%)

0.18           

[0.06-0.59]

0.0044 0.16         

[0.11-0.21]

47/132              

(35.6%)

25/97                

(25.8%)

0.18                     

[0.05-0.70]

0.013 0.08         

[0.05-0.14]

    APOE *4- 33/108            

(30.6%)

15/49             

(30.6%)

0.99                  

[0.66-1.32]

0.98 0.14           

[0.08-0.18]

A4

    APOE *4+ 129/450             

(28.7%)

98/426           

(23.0%)

0.72               

[0.53-0.98]

0.038 0.77           

[0.45-0.96]

446/1662              

(26.8%)

149/632           

(23.6%)

0.77            

[0.49-1.23]

0.28 0.50       

[0.25-0.72]

    APOE *4- 317/1212            

(26.2%)

51/206            

(24.8%)

0.93             

[0.66-1.32]

0.69 0.62          

[0.32-0.88]

AIBL

    APOE *4+ 21/59             

(35.6%)

19/85            

(22.4%)

0.53           

[0.25-1.11]

0.092 0.27       

[0.15-0.38]

90/332          

(27.1%)

41/183            

(22.4%)

0.61           

[0.24-1.55]

0.30 0.19             

[0.15-0.32]

    APOE *4- 69/273            

(25.3%)

22/98            

(22.4%)

0.87            

[0.50-1.51]

0.62 0.31           

[0.19-0.54]

Insight 46

    APOE *4+ 17/75            

(22.7%)

9/42              

(21.5%)

0.90             

[0.35-2.29]

0.82 0.18           

[0.10-0.26]

85/342                

(24.9%)

18/73           

(24.7%)

0.80           

[0.23-2.77]

0.73 0.08          

[0.05-0.10]

    APOE *4- 68/267            

(25.5%)

9/31                      

(26.7%)

1.33             

[0.57-3.07]

0.51 0.02           

[0.02-0.02]

HABS

    APOE *4+ 1/13                       

(7.7%)

9/30                

(30.0%)

6.09             

[0.56-66.5]

0.14 0.04          

[0.04-0.06]

18/79             

(22.8%)

13/49             

(26.5%)

7.47              

[0.54-102.6]

0.13 0.03                

[0.02-0.03]

     APOE *4- 17/66                     

(25.8%)

4/19                

(21.1%)

0.56           

[0.13-2.37]

0.43 0.021           

[0.02-0.02]

Meta-analysis†

    APOE *4+ 182/621            

(29.3%)

145/631              

(23.0%)

0.67           

[0.52-0.88]

0.0035 0.90               

[0.57-0.99]

686/2547              

(26.9%)

246/1034              

(23.8%)

0.70          

[0.48-1.02]

0.061 0.65            

[0.33-0.88]

     APOE *4- 504/1926              

(26.2%)

101/403              

(25.1%)

0.94            

[0.73-1.21]

0.63 0.86           

[0.52-0.99]

Meta-analysis without ADNI‡

    APOE *4+ 168/597            

(28.1%)

135/583              

(23.2%)

0.72           

[0.55-0.95]

0.020 0.85          

[0.54-0.99]

639/2415              

(26.5%)

221/937              

(23.6%)

0.78            

[0.53-1.16]

0.22 0.60         

[0.34-0.86]

     APOE *4- 471/1818              

(25.9%)

86/354              

(24.3%)

0.93            

[0.71-1.23]

0.62 0.82           

[0.49-0.98]

Association between KL* VSHET+ and Amy+ by APOE *4 status Interaction between KL* VSHET+ and Amy+ by APOE *4 status
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Abbreviations: Amy+, amyloid positive; Amy-, amyloid negative; HET+, heterozygous carriers; OR, odds 

ratio; CI, confidence interval 


