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This study aimed to evaluate the impact of APOE4 homozygosity on 
Alzheimer’s disease (AD) by examining its clinical, pathological and 
biomarker changes to see whether APOE4 homozygotes constitute a 
distinct, genetically determined form of AD. Data from the National 
Alzheimer’s Coordinating Center and five large cohorts with AD biomarkers 
were analyzed. The analysis included 3,297 individuals for the pathological 
study and 10,039 for the clinical study. Findings revealed that almost all 
APOE4 homozygotes exhibited AD pathology and had significantly higher 
levels of AD biomarkers from age 55 compared to APOE3 homozygotes. 
By age 65, nearly all had abnormal amyloid levels in cerebrospinal fluid, 
and 75% had positive amyloid scans, with the prevalence of these markers 
increasing with age, indicating near-full penetrance of AD biology in 
APOE4 homozygotes. The age of symptom onset was earlier in APOE4 
homozygotes at 65.1, with a narrower 95% prediction interval than APOE3 
homozygotes. The predictability of symptom onset and the sequence of 
biomarker changes in APOE4 homozygotes mirrored those in autosomal 
dominant AD and Down syndrome. However, in the dementia stage, there 
were no differences in amyloid or tau positron emission tomography 
across haplotypes, despite earlier clinical and biomarker changes. The 
study concludes that APOE4 homozygotes represent a genetic form of AD, 
suggesting the need for individualized prevention strategies, clinical trials 
and treatments.

AD is a genetically complex disorder with both rare and common 
genetic variants involved in its pathogenesis1,2. Mutations in three 
genes, APP, PSEN1 and PSEN2, cause early-onset autosomal dominant 
Alzheimer’s disease (ADAD)3, whereas variants in dozens of other genes 
have been associated with an increased risk of developing the more 
common sporadic (late-onset) form of the disease1. Among these genes, 
APOE is considered the strongest genetic risk factor. The three main 
characteristics of genetically determined AD with respect to sporadic 

AD are the near-full penetrance of the disease, the predictability of the 
age at symptom onset and a predictable sequence of pathological, 
biomarker and clinical changes.

APOE4 homozygotes have a lifetime risk for AD dementia that can 
reach 60% at age 85, markedly increased compared to heterozygotes or 
noncarriers4. The recognition of this very high lifetime risk is much higher 
than the low-risk common alleles identified by genome-wide association 
studies in AD1, and comparable to that found in Mendelian diseases4.
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Of note, the studies that analyze APOE4 heterozygotes and homo-
zygotes have found a gene dose response on AD biomarkers7,8. Never-
theless, no study has comprehensively analyzed the gene dose effect 
across the amyloid, tau, neurodegeneration framework (AT(N))9 bio-
marker categories with age and estimated years to symptom onset in 
APOE4 homozygotes.

Taking advantage of the large dataset from the National Alzhei-
mer’s Coordinating Center (NACC) for pathological data (n > 3,200) 
and collecting data from five large multicenter cohorts of subjects with 
AD biomarkers published to date (n > 10,000), we aimed to assess the 
clinical, pathological and biomarker changes in APOE4 homozygotes 
to test the hypothesis that they can be considered as another form of 
genetically determined dementia5; in fact constituting one of the most 
frequent Mendelian diseases.

The predictability of the age at symptom onset in genetically deter-
mined AD has facilitated clinical trials and is the cornerstone of coun-
seling mutation carriers and their families. However, no previous study 
has assessed the predictability of symptom onset in APOE4 homozy-
gotes, and, consequently, the statistical approaches commonly used 
in ADAD, including the concept of estimated years to symptom onset 
(the predicted time until an individual with a disease-causing mutation 
starts showing AD, based on family history), have not been used.

The predictable sequence of pathological, biomarker and clini-
cal changes in both ADAD and Down syndrome has provided unique 
insights into the pathophysiology of AD3,5,6. Many biomarker studies 
have assessed the impact of APOE on the biomarker changes. However, 
mainly due to sample size limitations, the majority combine APOE4  
heterozygotes and homozygotes in one ‘APOE4 carriers’ category.  

Table 1 | Demographic, clinical and biomarker data from the multisite clinical cohort

Overall APOE4/4 APOE3/4 APOE3/3 APOE2/X

NACC

n sample 3,297 273 1,088 1,565 371

Sex

 Female 1,553 (47%) 130 (48%) 511 (47%) 723 (46%) 189 (51%)

 Male 1,744 (53%) 143 (52%) 577 (53%) 842 (54%) 182 (49%)

ADNC

 High ADNC 1,590 (48%) 225 (82%) 696 (64%) 551 (35%) 118 (32%)

 Intermediate ADNC 675 (20%) 35 (13%) 225 (21%) 347 (22%) 68 (18%)

 Low ADNC 598 (18%) 10 (3.7%) 137 (13%) 360 (23%) 91 (25%)

 Not AD 434 (13%) 3 (1.1%) 30 (2.8%) 307 (20%) 94 (25%)

Alzheimer’s dementia 2,099 (64%) 240 (88%) 820 (75%) 840 (54%) 199 (54%)

Age at symptom onset 71 (11.2) 65 (8.2) 70 (6.5) 74 (6.8) 74 (8.6)

Age at MCI 79 (9.1) 72 (10) 77 (8.4) 82 (8.2) 82 (9.7)

Age at dementia onset 81 (9.4) 74 (12.2) 79 (9.1) 83 (9.9) 84 (11.4)

Age at death 83 (10.5) 80 (6.7) 85 (7.8) 89 (8.8) 88 (7.3)

Clinical cohorts

n sample 10,036 519 3,142 5,139 1,236

Age 71 (7) 69 (7) 71 (7) 71 (7) 72 (7)

Sex

 Female 5,666 (56%) 285 (55%) 1,762 (56%) 2,946 (57%) 673 (54%)

 Male 4,370 (44%) 234 (45%) 1,380 (44%) 2,193 (43%) 563 (46%)

DX

 HC 8,218 (83%) 289 (57%) 2,418 (78%) 4,426 (87%) 1,085 (90%)

 MCI 1,045 (11%) 113 (22%) 384 (12%) 464 (9·1%) 84 (7.0%)

 AD 618 (6.3%) 105 (21%) 290 (9.4%) 184 (3.6%) 39 (3.2%)

CSF Aβ1–42 (pg per ml) 1,024 (538) (n = 1,966) 631 (319) (n = 190) 898 (445) (n = 730) 1,178 (571) (n = 871) 1,208 (560) (n = 175)

CSF pTau181 (pg per ml) 24 (14) (n = 2,115) 31 (17) (n = 189) 27 (14) (n = 749) 22 (11) (n = 977) 21 (12) (n = 200)

Hippo volume 0.0047 (0.0008) 
(n = 5,253)

0.0045 (0.0008) 
(n = 410)

0.0046 (0.0008) 
(n = 1,970)

0.0048 (0.0008) 
(n = 2,306)

0.0049 (0.0008) 
(n = 565)

Centiloid 21 (37) (n = 7,562) 56 (41) (n = 364) 35 (42) (n = 2,345) 12 (31) (n = 3,896) 9 (28) (n = 955)

Plasma pTau181 (pg per ml) 16 (16) (n = 1,278) 20 (11) (n = 113) 16 (10) (n = 475) 15 (22) (n = 563) 14 (9) (n = 127)

Plasma NfL (pg per ml) 32 (23) (n = 2,086) 34 (19) (n = 182) 31 (22) (n = 762) 32 (24) (n = 940) 32 (26) (n = 202)

Tau-PET (SUVr) Braak 1/2 1.19 (0.16) (n = 1,289) 1.33 (0.20) (n = 86) 1.21 (0.17) (n = 462) 1.16 (0.14) (n = 600) 1.14 (0.13) (n = 139)

Tau-PET (SUVr) Braak 3/4 1.20 (0.15) (n = 1,289) 1.33 (0.21) (n = 86) 1.21 (0.16) (n = 462) 1.18 (0.14) (n = 600) 1.16 (0.11) (n = 139)

Tau-PET (SUVr) Braak 5/6 1.14 (0.15) (n = 1,289) 1.23 (0.23) (n = 86) 1.14 (0.15) (n = 462) 1.12 (0.14) (n = 600) 1.11 (0.12) (n = 139)

 DX, diagnosis; HC, healthy controls; Hippo, hippocampal. Data are shown as: mean (standard deviation).
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Results
We collected data from 3,297 brain donors from the NACC cohort10 
and 10,039 individuals from the clinical cohorts. Table 1 presents the 
demographic characteristics, APOE haplotype, neuropathological data 
and the biomarker data. There were no significant differences in sex 
distribution between haplotypes (both NACC and clinical cohorts).  
A summary of demographic, clinical and biomarker data for each clini-
cal cohort data is available in Supplementary Table 1.

Biological penetrance of AD in APOE4 homozygotes
We analyzed the biological penetrance of AD in both postmortem 
data from NACC and in vivo biomarker results in the clinical cohorts. 
Concretely, for the postmortem data, we studied the profile of Alz-
heimer’s disease neuropathological change (ADNC) scores (a meas-
ure of neuropathology load)11 along the age span. Remarkably, nearly 
all APOE4 homozygotes exhibited either high or intermediate ADNC 
scores, while this was the case for approximately 50% of APOE3 
homozygotes (Fig. 1a). Of note, the neuropathological findings in 
APOE4 homozygotes were consistent regardless of their age at the time  
of death.

We then analyzed the biological penetrance using in vivo bio-
markers from the clinical cohorts. Concretely, we binarized as 
positive or negative each participantʼs data for amyloid (Centiloid, 
cerebrospinal fluid (CSF) amyloid-β peptide 1–42 (Aβ1–42) and tau 
(CSF, phosphorylated tau at residue 181 (pTau181)). The frequency 
of positive amyloid and tau biomarkers across 5-year age intervals in 
APOE4 and APOE3 homozygotes showed that APOE4 homozygotes 
consistently exhibit higher levels of abnormal biomarkers than APOE3 
homozygotes starting at age 55. By age 65, nearly all APOE4 homozy-
gote participants show abnormal levels of CSF Aβ1–42 and 75% had 
positive amyloid scans. The biological penetrance of AD increased 
with age for the other biomarkers, reaching 88% for all amyloid and 
tau biomarkers at age 80, despite the selection bias in this popula-
tion toward cognitively unimpaired individuals (Fig. 1b). Of note, 
the biological penetrance profile was similar when splitting by sex  
(Supplementary Fig. 1).

Further details, illustrating the neuropathological variations based 
on APOE genotype, age and clinical diagnosis, can be found in Sup-
plementary Fig. 2, which shows a clear APOE gene dose effect on AD 
neuropathology, as previously described12.
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Fig. 1 | Penetrance and predictive value of APOE4 homozygosity in AD.  
a, Distribution of ADNC scores by age of death, comparing APOE4 homozygotes 
(APOE4/4) with APOE3 homozygotes (APOE3/3). b, Frequency of positive 
amyloid and tau biomarkers across 5-year age intervals for both APOE4 and 
APOE3 homozygotes and the statistical significance of the difference. It 
demonstrate that APOE4 homozygotes consistently exhibit higher levels of 
abnormal biomarkers; by age 65, nearly all subjects in APOE4 homozygotes show 
abnormal levels of CSF amyloid-β. Black triangles and dots indicate significant 
differences between APOE4 homozygotes and APOE3 homozygotes in that age 
interval. c, Overview of the mean and 95% confidence interval ages at which 
symptoms, MCI and dementia manifest in APOE4 homozygotes compared 

to APOE3 homozygotes. It highlights that APOE4 homozygotes experience 
significantly earlier onset ages and have narrower 95% confidence intervals for 
these milestones than APOE3 homozygotes (n = 240 APOE4 homozygotes for 
symptom onset, n = 55 for MCI, n = 48 for AD dementia and n = 48 for death; 
n = 832 APOE3 homozygotes for symptom onset, n = 369 for MCI, n = 265 for 
AD dementia and n = 268 for death). d, The 95% prediction intervals for various 
genetically determined forms of AD. The panel highlights a similar variability (or 
predictability) for disease onset in APOE4 homozygotes and both ADAD mutation 
carriers or individuals with Down syndrome, but a significantly wider prediction 
interval in the APOE3 homozygotes compared to all other examined groups.  
(The data on ADAD and Down syndrome have been taken from ref. 13.)
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Predictability of symptomatology in APOE4 homozygotes
Table 1 and Fig. 1c show the age at symptom onset, clinical diagnosis 
of mild cognitive impairment (MCI), dementia and death (±2 s.d.) in 
APOE4 and APOE3 homozygotes from the postmortem cohort. APOE4 
homozygotes started experiencing AD symptoms at age 65.6, MCI at 
71.8, dementia at 73.6 and death at 77.2, approximately 7–10 years ear-
lier than APOE3 homozygotes (P < 0.05 differences). We also performed 
Kaplan–Meier survival analysis that confirmed the gene dosage effect 
on both the age at symptom onset and age at death, as illustrated in 
Fig. 2a,b.

We then studied the variability on the age at symptom onset of 
APOE4 homozygotes compared to other genetically determined forms 
of AD. Consequently, we calculated the 95% prediction intervals of 
symptom onset (that is, the age range within which we expect symptom 
onset to start with 95% confidence). We found the same variability or 
predictability in APOE4 homozygotes (32 years; Fig. 1d) compared to 
the PSEN1 (33 years) and Down syndrome (32 years) (versus PSEN1: 
z-score = 0.92; P value = 0.35 and versus Down syndrome: z-score = 1.19;  
P value = 0.23), whereas it was significantly higher in APOE3 homozy-
gotes (versus PSEN1: z-score = 1.99; P value = 0.04 and versus Down syn-
drome: z-score = 3.36; P value < 0.01)13. The predictability of the age at 
symptom onset was similar when splitting by sex (Supplementary Fig. 1).

Natural history of AD biomarker changes in APOE4 
homozygotes
To explore the timing of changes in biomarkers, we employed the con-
cept of ‘estimated years to symptom onset’, setting the baseline age at 
65.6 years to zero (age at symptom onset in APOE4 homozygotes), as 
is commonly found in the study of other genetically determined forms 
of AD. We compared the trajectories of several biomarkers of the AT(N) 
framework with age and with respect to the estimated years to symptom 
onset in APOE4 and APOE3 homozygotes (Fig. 3). We assessed the age 
at which divergence occurs by visually examining the locally estimated 
scatterplot smoothing curves. The onset of CSF Aβ1–42 concentrations 

in APOE4 homozygotes cannot be ascertained as there were already 
differences in the youngest individuals in their late 40s. The increases 
in Centiloid scores started visually before age 50 years (15 years from 
symptom onset). CSF pTau and plasma pTau concentrations in APOE4 
homozygotes followed similar trajectories, with their concentrations 
visually starting to increase in participants in their early 50s, around 
10–15 years before symptom onset. Regarding neurodegeneration bio-
markers, plasma concentrations of neurofilament light chain (NfL) 
showed a steep increase in all groups in a pattern similar to that of hip-
pocampal atrophy. Of note, the start of the hippocampal atrophy was 
difficult to ascertain as hippocampal volumes showed a steep decrease 
with age at all ages and for all haplotypes, probably reflecting the neu-
rodevelopmental impact of APOE4 on the medial temporal lobe. In any 
case, APOE4 homozygotes clearly presented different volumes at the end 
of the sixth decade. Supplementary Fig. 3 shows the results for tau posi-
tron emission tomography (tau-PET) standardized uptake value ratio 
(SUVr) and Supplementary Fig. 4 shows the stratified analyses by sex.

Comparison with ADAD and Down syndrome
We then constructed and integrated a model for the biomarker changes 
using the standardized differences between APOE4 homozygotes and 
cognitively unimpaired APOE3 homozygotes to better characterize the 
order and rate of pathophysiological changes in APOE4 homozygotes 
and to compare them to the same model described in ADAD and Down 
syndrome (Fig. 4). The combined models clearly show the similarities 
in the temporality of biomarker changes in all three genetic conditions. 
The main difference between APOE4 homozygotes and ADAD was found 
in the hippocampal atrophy, which showed smaller volumes at all ages 
included in this study.

Similar biomarker changes at AD dementia stage across 
haplotypes
In addition, we investigated the changes in biomarkers with age 
among patients with a diagnosis of AD dementia. Consistent with the 
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neuropathological findings, nearly all patients with AD dementia who 
had at least one APOE4 allele were amyloid PET positive (irrespective 
of age), whereas amyloid PET positivity decreased with age in APOE3 
homozygotes (Fig. 5a).

To assess whether there were differences in the AD biology 
across haplotypes and a potential association with age, we selected 
those with a diagnosis of AD dementia and a positive amyloid PET 
scan (to avoid non-AD cases in APOE4 noncarriers) and examined 
the differences in tau and amyloid biomarkers. Interestingly, we 
found no significant differences across haplotypes. We did not find 
age-related differences in Centiloid or CSF pTau levels in individuals 
with AD dementia (Fig. 5b). There were no differences between the 
different haplotypes in tau-PET uptake either, but tau-PET uptake 
decreased with age in all Braak regions for all haplotypes (Fig. 5c). 
This suggests that the difference in tau uptake across haplotypes 
with disease severity (Supplementary Fig. 3) might be driven by 
an earlier onset in APOE4 homozygotes with respect to the other  
haplotypes.

Beyond homozygosity: APOE4 gene dose effect
Our study principally investigates APOE4 homozygotes, establish-
ing their similarities with ADAD and Down syndrome. Nonetheless, 
we extend our analysis to APOE3 and APOE4 heterozygotes in the 
Supplementary Information. These analyses underscore a distinct 
gene dose effect of APOE4 on neuropathological (Supplementary 
Fig. 2) and in vivo (Supplementary Fig. 5a) biological penetrance, 
age of cognitive alterations presentation and death (Supplemen-
tary Fig. 5b), and biomarker profiles (Supplementary Fig. 6). APOE3 
and APOE4 heterozygotes consistently exhibit intermediate phe-
notypes between APOE3 and APOE4 homozygotes. This gradient 
effect is delineated in Supplementary Figs. 4–7 and Supplementary  
Tables 1 and 2.

Discussion
This study provides comprehensive evidence to propose APOE4 
homozygotes as another form of genetically determined AD, similar 
to ADAD and Down syndrome associated Alzheimer’s disease (DSAD). 
We leveraged the unique resources of the NACC cohort and gathered 
one of the largest multicenter cohorts with multimodal AD biomarkers 
(n > 10,000) that enabled us to analyze more than 500 APOE4 homozy-
gotes. Our work showed that APOE4 homozygotes meet the three main 
characteristics of genetically determined AD, namely near-full pen-
etrance, symptom onset predictability and a predictable sequence of 
biomarker and clinical changes.

We first showed that APOE4 homozygotes present near-full pen-
etrance of AD biology. In this respect, it is worth noting that AD is now 
considered a biological entity that can be diagnosed in vivo based on 
the presence of AD biomarkers, irrespective of the presence or not of 
clinical symptoms9. Second, although previous studies had already 
reported the impact of the APOE haplotype in advancing symptom 
onset and risk for the disease14, we demonstrated that symptom onset 
in APOE4 homozygotes was as predictable as in ADAD and DSAD13 (and 
significantly higher than in APOE3 homozygotes). As a consequence, 
we propose a reappraisal of the conceptual framework and statistical 
approaches to favor the use of those commonly utilized in geneti-
cally determined dementias rather than the conceptual and analytical 
approach used in sporadic AD studies (for example, estimated years 
to symptom onset versus odds ratios)5,15. Finally, most biomarker stud-
ies collapse APOE4 carriers into one group, mainly due to sample size 
considerations. However, there have also been fewer studies with small 
sample sizes or using only one or two modalities (mainly amyloid) 
that have shown an APOE gene dose effect7,8,16–19. Using an integrated 
model we could establish a predictable sequence of biomarker changes 
that was remarkably similar in sequence to that described in ADAD or 
DSAD3,6. We found distinct hippocampal volume patterns in APOE4 
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Fig. 5 | Biomarker changes in patients with AD dementia. a, Percentage of 
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individuals with AD dementia and a positive amyloid PET scan. c, The tau burden 
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http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-024-02931-w

homozygotes, probably reflecting the potential neurodevelopmental 
impact on the medial temporal lobe and a shift toward a limbic pre-
dominant phenotype in AD presentation in APOE4 carriers. Interest-
ingly, when we restricted the analyses to patients with AD dementia, 
we found that, despite the very different ages at symptom onset, the 
biomarker changes were similar across haplotypes in patients with 
dementia of the same age. Of note, although Supplementary Fig. 3 
shows that APOE4 homozygotes initially appear to have an increased 
tau burden, this is moderated when both age and clinical status are 
considered (Fig. 5). In agreement with other studies we found a lower 
burden of tau with age, probably due to a higher prevalence of other 
copathologies and/or reduced physiological resilience to any form of 
pathology at older ages20.

We propose a reconceptualization of the genetic architecture of 
AD, which is usually divided into the sporadic and autosomal dominant 
forms2. APOE is considered a risk factor rather than a causal gene. How-
ever, Genin et al.4 proposed an autosomal semidominant inheritance 
for APOE4 in AD, based on estimates of the lifetime risk for AD dementia 
in APOE4 homozygotes (and the intermediate risk in heterozygotes) 
that can exceed 60–80% (refs. 4,14,21) in the range of major genes in 
Mendelian diseases. We provide an integrated clinical, pathological 
and biomarker confirmation of this hypothesis, and propose APOE4 
homozygotes should be considered as another form of genetically 
determined AD, like ADAD and DSAD5. We would like to note that Down 
syndrome underwent a similar recent reappraisal5 based on the dem-
onstration of universal AD pathology, the predictable sequence of bio-
markers and clinical changes6, and a near-full penetrance for dementia 
in this population13. Much like in Down syndrome (but not in ADAD), the 
later onset of clinical symptoms in APOE4 homozygotes has led to an 
underestimation of its penetrance. Competing age-related causes of 
death often precede the manifestation of AD symptoms, thus reducing 
its observed prevalence and masking the true extent of AD.

The reconceptualization of genetically determined AD, inclusive of 
conditions like APOE4 homozygosity and Down syndrome, necessitates 
reevaluating established beliefs. Family history may not always be a 
reliable indicator, as parents can carry and transmit genetic conditions 
like trisomy 21 or the APOE4 allele without manifesting them. Tradition-
ally, ADAD is characterized by an early onset, typically before age 65. 
However, this criterion should not exclusively determine the genetic 
basis of the disease as it overlooks the complexity of genetic factors. 
Notably, certain mutations in presenilin 2, despite being definitively 
linked to ADAD, exhibit symptom onset around, or sometimes after, 
age 65. Moreover, the expected age for symptom onset in all forms of 
genetic AD exhibits considerable variability, potentially influenced 
by other genetic variants and lifestyle factors that can modify disease 
expression and progression.

This reconceptualization has profound consequences. First, 
APOE4 homozygotes and heterozygotes should not be combined as is 
usually done, as they represent two distinct genetic risk profiles. There 
is a strong gene dose effect on clinical, pathological and biomarker 
data, with APOE3 or APOE4 heterozygotes consistently exhibiting inter-
mediate phenotypes between APOE3 and APOE4 homozygotes, which 
supports the concept of autosomal semidominance as suggested by 
Genin et al.4. Second, given that the incidence of APOE4 homozygotes 
is approximately 2% (with racial and geographical variations)22, they 
would in fact constitute one of the most frequent Mendelian diseases. 
This will have consequences in counseling and the recommendations 
to screen for APOE in the population and in the study of patients with 
cognitive complaints. Nevertheless, it is important to note that our 
findings predominantly reflect the risk association of APOE4 homozy-
gosity (and heterozygosity) within European ancestry populations. 
Recognizing the paucity of data on individuals of African descent, we 
stress the recent findings suggesting differential APOE4-related risks 
across ancestries23. Future research must prioritize the inclusion of 
diverse populations to elucidate the full scope of effect of APOE4 on 

AD risk, ensuring that genetic insights translate into benefits for all 
ethnicities. Third, APOE4 homozygotes would share the unique oppor-
tunities for research and trials recognized for genetically determined 
AD. These opportunities start to be recognized (ClinicalTrials.gov 
registration: NCT04770220).

Our study has several limitations that must be acknowledged. One 
limitation of this study is the use of convenience samples, which may 
not accurately represent the broader population. Our separate analyses 
on the NACC dataset and clinical cohorts each come with their own 
biases. NACC leans toward symptomatic participants, whereas clinical 
cohorts have stringent inclusion criteria that favor cognitive health, 
possibly underestimating the true burden of AD. Despite these con-
straints, the consistent findings of near-full biological AD penetrance 
among APOE4 homozygotes in both datasets bolster the robustness of 
our study’s conclusions. The lack of Aβ1–40 levels or the use of the ADNC, 
whose score is not a granular measure of specific neuropathologi-
cal lesions, are other limitations. However, the ADNC is nevertheless 
broadly accepted as a general marker of AD neuropathology. The lack 
of centralized biomarker assessment across multiple centers is another 
limitation. Despite our efforts to standardize data by exclusively includ-
ing studies using the same Roche platform and adding ‘site’ as a covari-
ate in our statistical models, intersite variations could still introduce 
bias. Another major limitation is the cross-sectional design. Together 
with the biases of our convenience cohort, we were unable to calculate 
incidence or cumulative incidence of AD dementia for each haplotype. 
Future longitudinal studies considering competing mortality risks will 
allow for a more comprehensive understanding of the disease risk and 
its progression over time. The relationship between APOE4 homozy-
gosity and AD risk may be obscured by higher mortality from other 
age-related conditions24. Additionally, as mentioned, all participants 
came from the USA or Europe and were predominantly white. However, 
there are geographical differences in APOE4 frequency and ethnic risk 
mitigation, with APOE4 conferring a lesser risk in Black than in white 
populations3. Future studies should focus on population-based studies 
with diverse origins.

In conclusion, our study provides compelling evidence to propose 
that APOE4 homozygotes represent a distinct, genetically determined 
form of AD, which has important implications for public health, genetic 
counseling of carriers and future research directions.
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Methods
Study design
We used two distinct sources of human data: (1) a neuropathological 
study using data from NACC10, and (2) an in vivo study using data from 
five clinical cohorts that included multiple biomarkers. A description 
of each of the cohorts can be found in the Supplementary Information.

The study was approved by the Sant Pau Ethics Committee in 
accordance with the recommendations of the Declaration of Helsinki. 
Each cohort involved in the study obtained approval from its respective 
Institutional Review Board committee.

Participants
National Alzheimer’s Coordinating Center. We included participants 
with a neuropathological evaluation11, APOE haplotype information 
(data accessed on 1 August 2022) and a clinical evaluation25. Most par-
ticipants also had information on the age at disease onset (symptom 
onset, MCI and/or dementia). Further details on the participantsʼ 
diagnosis and a description of the neuropathological scoring can be 
found in the Supplementary Information.

Clinical cohorts. Our study included cross-sectional data from five 
multisite cohorts: (1) Alzheimer’s Disease Neuroimaging Initiative 
(n = 2,214)26; (2) The A4 Study (n = 5,477)27; (3) the ALFA Study (n = 418)28; 
(4) the Wisconsin Register for Alzheimer’s Prevention (n = 612)29 and 
(5) the OASIS3 Project (n = 1,317)30. All five cohorts include a diverse 
set of biomarkers across the AD continuum, with a special emphasis 
on preclinical AD. We included all the available data from participants 
with at least one available biomarker of interest, a clinical diagnosis 
and an APOE haplotype.

APOE genotyping
We included participants with available APOE haplotype as reported 
at each site26–30.

Biochemical analysis
A subset of 1,665 participants from three sites (ADNI, Alfa + and 
Wisconsin Register for Alzheimer’s Prevention) underwent biofluid 
measurements. All sites followed a similar processing pipeline, and 
protein levels were quantified using the same technology across all 
cohorts26,28,29. Specifically, Elecsys was used to measure CSF Aβ1–42 and 
pTau181 levels, and SIMOA was used to measure plasma pTau and NfL 
levels. We used the biofluid quantification directly provided by each 
cohort. Of note, three of the five clinical sites do not have Aβ1–40 meas-
urements, and we did not include the Aβ1–42 or Aβ1–40 ratio.

Brain imaging
A subgroup of 5,108 participants underwent assessments of hippocam-
pal volume using T1-weighted MRI data and we used the mean volume 
of the bilateral hippocampus normalized by the total intracranial 
volume as reported at each site. Another subset of 7,490 participants 
underwent amyloid PET imaging using the Pittsburgh compound B, 
Florbetapir or Flutemetamol tracers. SUVr measures were reported by 
each site and transformed into Centiloid scale scores to integrate data 
from the different tracers. To classify participants as amyloid-positive, 
we used a threshold of 24.4 Centiloids31. Another subset of 1,267 par-
ticipants underwent tau-PET imaging with flortaucipir. We quantified 
the SUVr in the different Braak stage regions (Braak 1–2, 3–4 and 5–6) 
using regions of interest from Freesurfer Desikan Atlas. A detailed 
description on the tau-PET quantification pipeline can be found in the 
Supplementary Information.

Statistical analyses
All statistical analyses were conducted using R (v.4.2.2), utilizing the 
‘survival’, ‘survminer’ and ‘statsExpressions’ packages. Demographic 
differences across groups were evaluated using chi-square tests for 

categorical variables and Kruskal–Wallis tests for continuous variables. 
Pairwise comparisons followed, deploying the Dwass–Steel–Critch-
low–Fligner method.

We used the NACC dataset to analyze the distribution of ADNC 
scores across different ages at death, comparing APOE4 and APOE3 
homozygotes, and to analyze the impact of the APOE haplotype on 
disease onset and its predictability (as assessed by the 95% prediction 
interval). We statistically compared the different age at onset between 
haplotypes using Kruskal–Wallis tests (followed by pairwise com-
parisons using the Dwass–Steel–Critchlow–Fligner test). We also used 
data from ref. 13 to compare predictive intervals for APOE4 and APOE3 
homozygotes, PSEN1 and Down syndrome13. We calculated the average 
age and standard deviation for symptom onset in PSEN1 and Down 
syndrome, then z-normalized the predictive intervals for APOE4 and 
APOE3 to assess statistical similarity based on a normal distribution.

We also conducted a Kaplan–Meier survival analysis to ascertain 
the gene dosage effect on the age at symptom onset and age at death. 
We assessed the probability of remaining free from a dementia diag-
nosis and surviving across different time points using the Kaplan–
Meier method, which was followed by a Cox regression model for 
further insight. Participants from the NACC were stratified based on 
ADNC status into two categories: ADNC positive (high or intermedi-
ate) and ADNC negative (none or low). We then evaluated the survival 
probabilities for each group. Incorporating sex as a covariate, the 
Cox regression analysis yielded statistically significant differences in 
survival outcomes between the groups, underscoring the influence 
of AD pathology on disease progression and mortality. All remain-
ing analyses were performed using the clinical cohorts’ dataset. To 
determine the order and temporality of the biomarker changes across 
haplotypes, we first compared the frequency of positive amyloid and 
tau biomarkers across 5-year age intervals for both APOE4 and APOE3 
homozygotes. We used a previously reported cohort-specific threshold 
to binarize amyloid and tau biomarkers into positive and negative. 
We also compared the biomarker levels at each age interval using 
Welch’s t-test and including the clinical cohort as a covariate. We also 
fitted a first-order locally estimated scatterplot smoothing curve 
in each haplotype independently using a standard tricubic weight 
function with a span parameter to 0.75 (refs. 3,6). As in our previous 
study, we defined biomarker change as the age at which the groups 
appear to start diverging visually, because the exact age at which the 
confidence intervals diverge is dependent on intrinsic limitations of 
studies assessing the natural history of biomarkers, such as the nature 
of the variable, the sensitivity of the assay, the slope of the association 
and, in our study, the uneven sample sizes for the different biomark-
ers6. To compare the timing of changes in APOE4 homozygotes to 
those in Down syndrome and ADAD, we constructed a model of the 
standardized difference between all APOE4 and healthy control APOE 
homozygotes as a function of estimated years from expected symptom 
onset3,6. Concretely, we included the whole set of APOE4 homozy-
gotes, independently of their cognitive status, and normalized their 
biomarker scores by the values from cognitively unimpaired APOE3  
homozygotes.

Finally, to compare the AD biology across haplotypes in the 
dementia stage, we compared the biomarker changes to age in those 
participants with a diagnosis of AD dementia and a positive amyloid 
scan to avoid the bias introduced by the differential risk of AD biology 
across haplotypes.

Concretely, we used Welch’s t-test to compare between APOE 
haplotypes. We performed several post hoc sensitivity analyses to 
investigate the possibility of site-specific variations, which may have 
been caused by differences in imaging protocols or biochemical bio-
marker analysis protocols. These analyses are available in the Supple-
mentary Information. The Supplementary Information also provides 
an in-depth explanation of the statistical methods used to generate 
the Supplementary Results.

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-024-02931-w

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Access to tabular data from ADNI (https://adni.loni.usc.edu/), OASIS 
(https://oasis-brains.org/), A4 (https://ida.loni.usc.edu/collabora-
tion/access/appLicense.jsp) and NACC (https://naccdata.org/) can 
be requested online, as publicly available databases. All requests will 
be reviewed by each studyʼs scientific board. Concrete inquiries to 
access the WRAP (https://wrap.wisc.edu/data-requests-2/) and ALFA + 
(https://www.barcelonabeta.org/en/alfa-study/about-the-alfa-study) 
cohort data can be directed to each study team for concept approval 
and feasibility consultation. Requests will be reviewed to verify whether 
the request is subject to any intellectual property.

Code availability
All statistical analyses and raw figures were generated using R (v.4.2.2). 
We used the open-sourced R packages of ggplot2 (v.3.4.3), dplyr 
(v.1.1.3), ggstream (v.0.1.0), ggpubr (v.0.6), ggstatsplot (v.0.12), Rmisc 
(v.1.5.1), survival (v.3.5), survminer (v.0.4.9), gtsummary (v.1.7), epitools 
(v.0.5) and statsExpression (v.1.5.1). Rscripts to replicate our findings 
can be found at https://gitlab.com/vmontalb/apoe4-asdad (ref. 32). For 
neuroimaging analyses, we used Free Surfer (v.6.0) and ANTs (v.2.4.0).
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