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Dominantly Inherited Alzheimer’s Network Investigators

Abstract

Background: Examination of autosomal dominant Alzheimer’s disease has broadly influenced 

mechanistic hypotheses, biomarker development, and clinical trials in both sporadic and 

dominantly-inherited Alzheimer’s disease. While pathogenic variants causing autosomal dominant 

Alzheimer’s disease are highly-penetrant, there is substantial heterogeneity in β-amyloid levels 

across individuals. We examined whether this heterogeneity is related to disease progression and 

its association with mutation location within PSEN1, PSEN2, or APP.
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Methods: We examined variant-dependent variability in Pittsburgh-Compound-B PET (PiB-

PET) signal, CSF Aβ42 and Aβ40 in 347 participants (206 carriers) in the Dominantly Inherited 

Alzheimer’s Network Observational Study assessed from 2008 to 2019. Two approaches were 

used to group the 62 unique pathogenic variants in the cohort: (1) based on affected protein 

domain in PSEN1, PSEN2, or APP, and (2) based on whether PSEN1 variants were before or after 

codon 200.

Findings: Cortical and striatal PiB-PET signal demonstrated striking variant-dependent 

variability using both grouping approaches, despite similar progression on the Clinical Dementia 

Rating and CSF Aβ42 levels. Longitudinal PiB-PET signal also varied across codon-based groups, 

mirroring cross-sectional analyses.

Interpretation: Autosomal dominant Alzheimer’s disease pathogenic variants demonstrated 

highly differential temporal and regional patterns of β-amyloid PET, despite similar functional 

progression. This suggests that while increased β-amyloid PET signal is generally seen in 

autosomal dominant Alzheimer’s disease, higher levels of β-amyloid PET signal at an individual 

level may not reflect more severe or more advanced disease – an important consideration for 

ongoing clinical trials, including those using β-amyloid PET as a surrogate measure of disease 

progression. Also germane to both sporadic and autosomal dominant Alzheimer’s disease, the 

results here suggest CSF and PET measures of β-amyloid levels are not interchangeable and may 

reflect different amyloid-driven pathobiological processes.

Keywords

amyloid; genotype; Presenilin; Amyloid Precursor Protein; Alzheimer’s Disease

Introduction:

Biomarkers play an increasingly critical role in Alzheimer’s disease therapeutic 

development, as demonstrated by the recent accelerated approval of the anti-amyloid 

monocolonal antibody Aduhelm (aducanumab-avwa) based on reductions in β-amyloid 

PET signal. Cases of autosomal dominant Alzheimer’s disease have been central to the 

development of Alzheimer’s disease biomarkers, forming the basis for many animal models 

of Alzheimer’s disease, and offering strong support for the β-amyloid hypothesis of 

Alzheimer’s disease. The nearly complete penetrance and conserved age of symptom onset 

within families (though with some variability1) also allows for an understanding of where an 

autosomal dominant Alzheimer’s disease carrier may be in the overall disease course even in 

asymptomatic phases of disease. In turn, this offers a rare opportunity to critically examine 

the temporal course of Alzheimer’s disease biomarker changes that culminate in symptom 

onset and to identify biomarkers that are most closely tied to cognitive and functional 

impairment.

More than 300 highly penetrant, pathogenic variants in PSEN1, PSEN2, and APP leading to 

autosomal dominant forms of Alzheimer’s Disease have been identified, clearly implicating 

Aβ production and processing as central to Alzheimer’s disease pathobiology2,3. Autosomal 

dominant Alzheimer’s disease causing genetic variants are believed to drive disease 

by altering the relative amounts of Aβ peptides generated through the processing of 
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APP4, such that longer, more aggregation prone Aβ species (especially Aβ42 and Aβ43) 

increase in abundance relative to shorter, less aggregation-prone Aβ fragments5,6, thereby 

increasing deposition of fibrillar β-amyloid in extracellular plaques7. However, there is 

substantial biochemical evidence demonstrating variability in the Aβ peptide profiles 

produced by different autosomal dominant Alzheimer’s disease-causing variants, despite 

their nearly complete penetrance8,9. In turn, this variability in Aβ production and other 

genotype-dependent changes in γ-secretase function10–12 may alter the observed biomarker 

trajectories across variants. In the present report we examine the variability in β-amyloid 

burden across autosomal dominant Alzheimer’s disease pathogenic variants, allowing us to 

identify variant-specific effects on biomarker trajectories and assess how these variations 

may be associated with variations in functional decline.

The Dominantly Inherited Alzheimer’s Network (DIAN) is an international, multi-site 

observational study that enrolls individuals from families harboring autosomal dominant 

Alzheimer’s disease pathogenic variants2. DIAN has gathered data from over 100 

families bearing more than 60 unique pathogenic variants leading to autosomal dominant 

Alzheimer’s disease. The diversity of variants found in the DIAN cohort offers an 

opportunity to assess whether variations in biomarker trajectories are present across 

pathogenic variants. Here we leverage this opportunity to examine variant-dependent 

variability in CSF and PET measures of β-amyloid. The impact of pathogenic variants on 

β-amyloid burden as measured by PIB PET and CSF β-amyloid across pre-symptomatic 

and symptomatic disease has important implications for the evaluation of Alzheimer’s 

disease therapeutics, both in autosomal dominant and sporadic, late-onset Alzheimer’s 

disease. Given the relative certainty that pathogenic variant carriers are on an Alzheimer’s 

disease trajectory, heterogeneity in β-amyloid PET and CSF measures can broadly inform 

understanding of how precisely these biomarkers reflect amyloid-driven processes that 

underlie the progression of Alzheimer’s disease at an individual level.

Methods:

Participants

Data from 347 participants (206 pathogenic variant carriers, 141 non-carriers, 112 families) 

in the DIAN Observational Study recruited between September 2008 and June 2019 were 

included. Participants provided informed consent in accordance with the local institutional 

review boards of each participating site. Each participant’s estimated years from symptom 

onset (EYO) was calculated as the participant’s age minus the age at which the participant’s 

family member(s) first showed symptoms of progressive cognitive decline. Negative values 

for EYO indicate that the participant is younger than their familial age of symptom onset 

and positive values indicate that a participant is older than their familial age of onset. 

Clinical dementia rating (CDR) global and sum-of-boxes (SOB) scores were measured for 

each participant at each visit using structured interviews, as previously described2. All 

participants2,13 bearing pathogenic variants (see supplemental methods) and with available 

genetic, clinical, imaging, and CSF data were included.
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Genotyping:

The presence of autosomal dominant Alzheimer’s disease pathogenic variants (Sanger 

sequencing) and APOE genotype (PCR-based) were assessed using DNA derived in parallel 

at the DIAN Genetics Core (Mount Sinai School of Medicine) and the National Cell 

Repository for Alzheimer’s Disease (NCRAD), as previously described2.

Variant Grouping:

To facilitate assessment of pathogenic variant-dependent variability in β-amyloid burden, 

the 62 unique autosomal dominant Alzheimer’s disease variants present in the cohort were 

grouped using two approaches (Figure 1A–D). Individuals were first grouped by the affected 

protein domain in PSEN1, PSEN2 or APP impacted by the underlying autosomal dominant 

Alzheimer’s disease-causing variant, using annotation available in UniProt. Domain-based 

groupings with greater than 10 pathogenic variant carriers were retained as distinct groups 

for the purposes of statistical modeling, resulting in 9 retained domain-based groups. 

(Figure 1D). Each domain-based grouping represented at least 2 families, and all but one 

represented more than one pathogenic variant (Supplemental Tables 1 and 2). Note that the 

APP Transmembrane Domain grouping is comprised of variants at or near the γ-secretase 

cleavage site (Figure 1C). The small number (n=4) of remaining APP pathogenic variant 

carriers (including those with variants near the β-secretase cleavage site) were not retained 

as a distinct group, but were included with the Ungrouped pathogenic variant carriers 

(Figure 1D).

In the second approach, only individuals with pathogenic variants in PSEN1 were included 

and were grouped based on whether the underlying variant is before or after codon 200 

in PSEN114,15. Codon 200 falls within PSEN1 transmembrane domain 4, but all carriers 

with transmembrane domain 4 variants in the cohort are post-codon 200 (Figure 1A). 

Consequently, PSEN1 transmembrane 1–3, cytoplasmic 1–2, and luminal 1–2 domain 

carriers are included in the prior-to-codon 200 grouping, and all remaining PSEN1 carriers 

are included in the post-codon 200 grouping (Figure 1; Supplemental Table 1).

Procedures:

11-C-Pittsburgh Compound-B (PiB PET) was performed as previously described 2,13. 

Binding was assessed 40–70 min following PiB bolus and converted to cortical gray matter 

and dorsal striatal (averaging bilateral caudate and putamen) mean standardized uptake value 

ratios (SUVRs) using cerebellar gray matter as the reference region and employing regional 

spread function based partial volume correction. Sensitivity analyses using FreeSurfer-

defined cortical white matter or brainstem as reference regions demonstrated that the effects 

reported are not reference region dependent (Supplemental Table 3).

Cerebrospinal fluid (CSF) was obtained as previously described using procedures consistent 

with Alzheimer’s Disease Neuroimaging Initiative. CSF analyses for Aβ1–40 (Aβ40) 

and Aβ1–42 (Aβ42) were performed at the DIAN Biomarker Core using enzyme-linked 

immunosorbant assay (INNOTEST, Innogenetics, Ghent, Belgium).
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Statistical analysis:

General linear mixed effects models were implemented in R (v4.0.0, R Foundation 

for statistical computing) using the nlme, lmer, parameters, and influence.ME packages. 

Satterthwaite approximations were used to calculate degrees of freedom. P-values shown are 

False Discovery Rate (FDR) adjusted. Domain- or codon-based variant group was interacted 

with EYO to assess variant dependent effects across the disease course. Cross-sectional 

analyses included age, gender, and binarized APOE ε4 status (ε4 carrier or non-carrier) 

as fixed effects and family membership as a random effect. Models using longitudinal 

data included the same covariates as cross-sectional models, and further included terms for 

a random intercept and slope. A variant grouping by time interaction was included as a 

fixed effect to assess variant-dependent effects on biomarker trajectories in models using 

longitudinal data. Locally weighted estimated scatter plot smoothing (LOESS) was used for 

illustrations. Sensitivity analyses assessing family membership, APOE ε4 or ε2 genotype, 

and Alzheimer’s disease polygenic risk scores are described in supplemental methods.

Role of Funding Agencies:

The funders had no direct role in data collection, analysis, interpretation of findings, writing 

of the manuscript, or decision to submit for publication.

Results:

We first examined relationships between proximity to symptom onset (estimated years to 

symptom onset; EYO) and β-amyloid burden using both PET and CSF measures. Autosomal 

dominant Alzheimer’s disease pathogenic variant carriers showed significantly lower CSF 

Aβ42 and higher PiB PET with increasing EYO as compared to non-carriers (CSF Aβ42: β 
= −16.47 pg/ml/yr (−22.35 to −10.58 95%CI), p<0.0001; PiB PET: β = 0.06 SUVR/yr (0.04 

to 0.08 95%CI), p<0.0001). The decrease in CSF Aβ42 is consistent with prior literature in 

both sporadic and autosomal dominant Alzheimer’s disease2.

Assessing Variant-Dependent Effects on Functional Progression:

We next assessed whether functional progression of disease varied across variants in 

autosomal dominant Alzheimer’s disease. Mean EYO at study entry was similar across 

variant groupings (domain: F(9,196) = 0.67, p = 0.75; codon: F(1,159) = 0.18, p = 0.71), 

suggesting that variant groups were statistically similar in terms of proximity to estimated 

symptom onset. Progression of functional decline as assessed using Clinical Dementia 

Rating (CDR) sum-of-boxes (SOB) was also similar across variant groupings (domain-

based: F(9,206) = 0.79, p = 0.68; codon-based: F(1,161) = 0.14, p = 0.74), suggesting 

similar progression of functional impairment across variant groupings (Figure 3C, F).

Variant Dependent Variations in β-Amyloid Burden Assessed by PiB PET:

We next examined whether β-amyloid burden as measured by PiB-PET varied across variant 

groupings during autosomal dominant Alzheimer’s disease. Significant variant-dependent 

variability in the relationship between cortical β-amyloid burden and EYO was observed 

using the domain-based grouping in autosomal dominant Alzheimer’s disease pathogenic 

variant carriers (variant- grouping by EYO interaction: F(9,170.96) = 5.83, p<0.0001; 
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Figures 3A and 4). Examining this effect more closely, those carrying variants affecting 

PSEN1 cytoplasmic domain 4 (Grouping by EYO interaction: F(1, 172.18) = 4.24, p = 

0.031; β = −0.045±0.020SE PiB SUVR/yr), PSEN1 transmembrane domain 6 (F(1,160.18) 

=3.98, p = 0.047; β = −0.028±0.014SE PiB SUVR/yr), and PSEN1 transmembrane domain 

8 (F(1, 126.78) = 14.63, p = p<0.0001; β = −0.053±0.014SE PiB SUVR/yr) had less cortical 

PiB binding in relation to EYO compared to other pathogenic variant carriers. In contrast, 

PSEN1 transmembrane domain 3 (F(1, 156.49) = 4.24, p = 0.05; β = 0.089± 0.043SE PiB 

SUVR/yr), PSEN1 transmembrane 5 (F(1,198.61) = 5.78, p = 0.025; β = 0.071± 0.029SE 

PiB SUVR/yr), and PSEN2 transmembrane domain 2 (F(1, 98.85) = 8.67, p<0.0001; β = 

0.050± 0.017SE PiB SUVR/yr) carriers had significantly greater cortical β-amyloid burden 

in relation to EYO as compared to other pathogenic variant carriers (Figures 3 and 4, 

Supplemental Figure 2).

Using the PSEN1 codon-based grouping, we again observed a significant effect of variant 

grouping on PiB binding relative to EYO, such that those who carried pathogenic variants in 

PSEN1 prior to codon 200 had significantly greater cortical PiB PET signal with increasing 

EYO as compared to those with variants after PSEN1 codon 200 (codon category by EYO 

interaction: F(1, 154.99) = 21.70, p<0.0001; β = 0.065±0.014SE PiB SUVR/yr; Figure 3D). 

Using a brainstem or white matter reference region instead of cerebellar gray matter yielded 

similar results for both grouping approaches (Supplemental Table 3), suggesting that variant 

grouping associations with PiB PET are not reference region dependent.

We next assessed whether similar variant-dependent differences were present in longitudinal 

PiB PET. Consistent with cross-sectional findings, carriers of PSEN1 pathogenic variants 

prior to codon 200 had greater longitudinal rates of PiB PET SUVR increase as compared 

to carriers of PSEN1 pathogenic variants after codon 200 (n = 77 carriers with 187 

observations; codon categorization*time: t(48.44) = 4.06, p<0.0001; Figure 5C). As clinical 

trials in autosomal dominant Alzheimer’s disease often select participants by EYO range 

and the presence/absence of symptoms, we repeated these analyses by examining rates of 

PiB-PET change categorized by these parameters (Figure 5B). We observed that the rates 

of PiB change were similar across codon-based groupings in early, asymptomatic phases of 

autosomal dominant Alzheimer’s disease, but that significant variant-dependent variability 

in Aβ burden was evident in later phases of disease (Figure 5). A similar analysis was not 

performed in the domain-based grouping due to insufficient longitudinal data to model all 

variant groups across the early, late, and symptomatic phases of disease.

Regional Variations in β-Amyloid Burden:

As prior reports have suggested that the dorsal striatum may be an early and preferential 

site for β-amyloid deposition in individuals carrying pathogenic variants in PSEN116–18, we 

next examined whether variant-based groupings may explain regional variations in striatal 

vs. cortical β-amyloid burden in pathogenic variant carriers. The relationship between EYO 

and striatal PiB PET SUVR varied significantly by domain-based grouping (F(9,167.33) 

= 2.30, p = 0.030), as did the relative amounts of cortical and striatal PiB PET signal 

(F(9,296.02) = 3.87, p = 0.0003; Figure 6A and 6C–K). For most domain-based variant 

groupings, cortical and striatal PiB PET signal relative were similar in magnitude. However, 
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striatal or cortical predominant patterns were observed in some variant groups. Specifically, 

the PSEN1 transmembrane domain 4 (t(296.02) = −2.09, p = 0.048; Figure 6G) and PSEN2 

transmembrane 2 (t(296.02) = −2.726, p = 0.010; Figure 4D and 6K) groupings were 

observed to have significantly greater cortical vs. striatal β-amyloid burden, whereas the 

PSEN1 transmembrane 2 (t(296.02) = 2.44, p = 0.033; Figure 4C, 6E, and Supplemental 

Figure 3C) and PSEN1 transmembrane domain 8 (t(296.02) = 2.16, p = 0.042; Figure 4G, 

6J) groupings showed greater striatal compared to cortical PiB PET signal. Mirroring the 

pattern seen with cortical PiB PET signal, PSEN1 carriers with pathogenic variants prior to 

codon 200 also had greater striatal PiB PET signal than those with pathogenic variants after 

codon 200 (t(159.5) = 3.92, p = 0.0003; Figure 6B).

CSF Measures of β-Amyloid Burden:

We next examined CSF Aβ42 and 40 using the same variant groupings and approach. 

Unlike the pattern observed with β-amyloid PET, CSF Aβ42 (Figure 2B,D; Supplemental 

Figure 1) did not show variant dependent variability with respect to EYO using either 

the domain-based (F(9,151.86) = 1.77, p = 0.095; Figure 3B) or codon-based groupings 

(F(1,160.94) = 0.63, p = 0.49; Figure 3E). The relationship of CSF Aβ42 to PiB PET varied 

significantly across variants using the domain-based (F(9, 184.35) = 4.85, p = p<0.0001) but 

not the PSEN1 codon 200-based grouping (F(1,154.99) = 0.4059, p = 0.59). This indicates 

that that correlations between PET and CSF measures of β-amyloid vary by the PSEN1, 2, 

or APP protein domain affected by the underlying pathogenic variant (Supplemental Figure 

5).

As the CSF Aβ42/40 ratio is commonly used as a means of understanding the relative 

amounts of aggregation prone Aβ species being produced5,8, we next examined whether 

variant-dependent variations in CSF Aβ42/40 were present. Across all autosomal dominant 

Alzheimer’s disease pathogenic variant carriers, Aβ42/40 ratios declined with increasing 

EYO (effect of increasing EYO in carriers: t(198.87) = −2.47, p = 0.010). A statistical 

difference in the CSF Aβ42/40 ratio was seen across variants using the domain-based 

grouping (F(9,162.21) = 4.34, p<0.0001) and the PSEN1 codon 200-based grouping 

(F(1,143.39) = 4.9243, p = 0.037). However, including the CSF Aβ42/40 ratio as a 

covariate did not reduce the effect of variant grouping on PiB-PET SUVR relative to EYO 

(including CSF Aβ42/40 as a covariate: domain grouping-by-EYO interaction: F(9,167.74) 

= 6.138, p<0.0001; codon grouping-by-EYO interaction: F(1,154.06) = 19.63, p<0.0001; 

Supplemental Figures 4 and 6). Together, these results indicate that though the CSF Aβ42/40 

ratio differs across variant groupings, these differences do not account for the previously 

observed variant-dependent effects on β-amyloid PET.

Discussion:

Given the central importance of PET and CSF measures of β-amyloid burden to Alzheimer’s 

disease therapeutic development and mechanistic understanding, we used the diversity 

of autosomal dominant Alzheimer’s disease pathogenic variants available in the DIAN 

observational study to examine whether PET and CSF measures of β-amyloid vary by 

the underlying pathogenic variant and the extent to which differences in amyloid burden 
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were associated with differences in disease progression. We observed that β-amyloid 

accumulation as measured by PiB-PET was highly variable across pathogenic variants 

grouped by the affected protein domain or by the location of the pathogenic variant in 

PSEN114. However, despite robust associations between variant grouping and β-amyloid 

PET changes with respect to EYO, functional decline was similar across variant groupings. 

In turn, the results here suggest that β-amyloid PET alone may not represent an optimal 

surrogate marker of disease stage or severity in autosomal dominant Alzheimer’s disease, 

and that consideration of additional biomarkers, especially measures of soluble Aβ, may be 

needed in ongoing clinical trials. This includes consideration of blood-based measures of 

Aβ42/40, which have been recently shown to be highly correlated with cognitive benefit 

or decline in recent clinical trials of the anti-amyloid agent lecanemab and have also been 

associated with variations in β-amyloid PET signal in autosomal dominant Alzheimer’s 

disease19,20. Relevant to both sporadic and autosomal dominant Alzheimer’s disease, the 

observed variability between PET and CSF measures of β-amyloid burden at an individual 

level suggests that these measures may not be interchangeable in assessing amyloid status 

nor response to amyloid targeting therapies.

Regional variations in cortical vs. striatal PiB PET signal in relation to EYO were also 

seen across pathogenic variants, with most groupings showing similar cortical and striatal 

PiB PET signal, but others showing striatal or cortical predominant patterns. At least one 

prominent prior report16 has suggested that β-amyloid accumulation in autosomal dominant 

Alzheimer’s disease may start in the striatum. Interestingly, this previous study used data 

from two families with mutations in the PSEN1 transmembrane domain 8. This result is 

consistent with what is observed here, as PSEN1 transmembrane domain 8 was among 

two groupings that showed a striatal predominant pattern of PiB PET signal. However, this 

pattern was the exception rather than the rule, as the observations here suggest that cortical 

and striatal PiB signal rise in tandem for many autosomal dominant Alzheimer’s disease 

variants, but that some pathogenic variants may demonstrate cortical or striatal predominant 

patterns.

While measures of CSF Aβ and β-amyloid PET are sometimes used interchangeably to 

assess “amyloid positivity”21, the results here provide a striking demonstration that these 

two measures can diverge substantially (Figure 4, Figure S3–S4). More work is needed 

to determine the biologic processes that may alter the commonly observed relationship 

between CSF and PET based measures of β-amyloid burden, as this divergence may have 

relevance for the clinical and research interpretations of these measures of Alzheimer’s 

disease pathology. This divergence may be due to variant-dependent differences in the 

production of aggregation-prone Aβ species (especially Aβ42 and 43) relative to less 

aggregation, shorter fragments. We observed here that variant-dependent variations in β-

amyloid PET signal across the autosomal dominant Alzheimer’s disease course do not 

necessarily correlate with functional decline and are not easily explained by CSF Aβ42/40 

ratio measured in vivo from these same individuals. However, while prior work indicates 

that most autosomal dominant Alzheimer’s disease causing variants lead to increased 

production of Aβ42 relative to Aβ404, the mean age of onset for particular PSEN1 

pathogenic variants was not correlated with the in vitro production of Aβ42/40 for that 

variant8, suggesting that the Aβ42/40 ratio by itself may not be sufficient to characterize the 
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pathogenicity of a particular disease-causing variant. Accordingly, assessment of other Aβ 
fragments (especially Aβ38 and 43) may be needed to better characterize the pathogenicity 

of individual disease-causing variants. In contrast, more recent work assessing plasma 

concentrations of Aβ38, 40, and 42 in an autosomal dominant Alzheimer’s disease sample 

suggests that in vivo measures of γ-secretase function are moderately correlated with age of 

onset within PSEN1 variant carriers19. In addition to examining this issue in a broader set of 

variants, aspects of γ-secretase function apart from APP processing need to be considered, 

including alterations in the processing of other γ-secretase substrates and effects on calcium 

homeostasis7,10,22,23.

The disconnect between CSF and PET measures of Aβ observed in some variant groupings 

also raises the intriguing possibility that certain pathogenic variants may aggregate amyloid 

pathology in forms24–26 that are differentially detectable by amyloid PET. While further 

pathologic characterization is needed to address this possibility, this hypothesis would be 

consistent with what has been seen in a more dramatic form with the APP E693G (Arctic) 

mutation, where amyloid deposits appear not to be detectable by PiB, even in advanced 

states of impairment27,28. Alternatively, it may be that the “true” burden of pathologic 

amyloid across pathogenic variants may itself be variable, despite similarities in rates of 

functional decline. Regardless of the cause, the potential for discordance between CSF 

and PET measures of β-amyloid burden itself raises questions for the interchangeable 

use of these measures in A/T/N staging and as surrogate markers of disease progression 

in both sporadic and autosomal dominant Alzheimer’s disease. From a more mechanistic 

perspective, the high degree of variability in relationships between CSF Aβ42 and the 

CSF Aβ42/40 ratio with β-amyloid PET observed here also raises questions regarding the 

common assumption that CSF Aβ levels are reduced due to sequestration of these peptides 

within insoluble β-amyloid plaques.

Strengths of this study include a large sample size and greater diversity of autosomal 

dominant Alzheimer’s disease pathogenic variants relative to other studies in the literature. 

Additionally, the availability of longitudinal PiB PET data allowed for the verification of 

cross-sectional patterns in longitudinal data for the codon-based grouping. The need to 

combine individual variants into groups based on the affected protein domain or location 

within PSEN1 (relative to codon 200) reduced the number of comparisons, allowed for a 

broader range of EYO to be represented, and allowed for potentially more stable statistical 

estimates due to a greater number of data points within each grouping. Additionally, 

combining variants into groups likely reduces the impact of polygenic effects related to 

family-membership on the results, as all groupings had at least 2 families contributing data 

(and the majority of groupings had greater than 10 families represented; Supplemental Table 

1 and 2). This is particularly true for the PSEN1 codon 200 based groupings, each of which 

had more than 30 families represented. Consistent with this, adjusting for an IGAP-derived 

polygenic risk score at an individual level did not account for the observed associations 

between either variant-grouping relative to EYO and β-amyloid PET signal (Supplemental 

Table 4). Conversely, the grouping of variants may diminish variant-dependent effects by 

causing variants with dissimilar effects on fibrillar β-amyloid to be included in the same 

group by virtue of their proximity within the affected gene. However, grouping dissimilar 
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variants together should bias the results away from seeing a significant effect of variant 

grouping, rather than the observed pattern of robust, variant grouping associated effects.

Several other limitations are also important to consider. Though all domain-based groups 

had at least 14 mutation carriers contributing data, more statistical power within a particular 

grouping may be needed to observe subtle variant-dependent effects. Related to this, while 

the potential effects of family membership on the results here were addressed in sensitivity 

analyses and by including family as a random effect in statistical models, fully eliminating 

the possibility of family membership effects will require larger samples in which the 

same pathogenic variants are present in different genetic and environmental backgrounds. 

This initial examination of variant-dependent variability in β-amyloid burden in autosomal 

dominant Alzheimer’s disease made use of variant categories defined a priori based on prior 

literature (codon 200 grouping) or based on the portion of the protein impacted by the 

underlying pathogenic variant (domain-based grouping). While the biological implications 

of each pathogenic variant likely differ based partially on location affected within the 

resulting protein (e.g., within a transmembrane vs. cytoplasmic domain), further work is 

necessary to generate data- and biochemically-driven variant groupings that are likely to 

better cluster biologically similar variants than the groupings used in the present report. 

Lastly, it will also be important to extend this work into other imaging and biochemical 

measures in DIAN, and particularly to examine potential variant-dependent changes in 

biofluid and PET measures of tau pathology, when sufficient data of this type becomes 

available.

Despite these limitations, the results here provide strong evidence that the underlying 

pathogenic variant is an important determinant of the topography and burden of β-

amyloid deposition in autosomal dominant Alzheimer’s disease, and consequently important 

to the success of clinical trials of amyloid-focused treatments in this population. 

Relevant to both sporadic and autosomal dominant Alzheimer’s disease, understanding the 

underlying biology that may cause measures of CSF Aβ to diverge strongly from PET 

measures of β-amyloid burden may help refine the use of these measures as surrogate 

markers of Alzheimer’s disease pathologic progression. More fundamentally, the observed 

discordance between apparent β-amyloid burden and stage of disease in autosomal dominant 

Alzheimer’s disease underscores that, while PET and CSF measures of β-amyloid measures 

are critically valuable biomarkers in Alzheimer’s disease clinical and translational research, 

these widely-used biomarkers may not comprehensively and unerringly reflect the essential, 

amyloid-related pathobiological processes that drive Alzheimer’s disease progression at an 

individual level.

Supplemental Methods:

Choice of Pathogenic Variants:

Using previously described methods29, potentially pathogenic APP, PSEN1, and PSEN2 
variants were filtered to retain those classified as probably pathogenic based on committee 

evaluation integrating multiple criteria: 1) variant segregation with clinical or autopsy-

confirmed Alzheimer’s disease; 2) variant carrier biomarker data; 3) variant frequency in 

gnomAD and ExAC population databases; 4) pathogenic status of other variants affecting 

Chhatwal et al. Page 13

Lancet Neurol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the same amino acid residue; 5) amino acid residue conservation between PSEN1 and 

PSEN2; 6) variant effect on amyloid beta processing in cell culture models. As described 

previously29, only variants judged to have a high likelihood of being pathogenic were 

included in the present analyses.

Sensitivity Analyses Assessing Family Membership Effects:

In addition to including family membership as a random effect in all statistical models in 

the main text, we performed several additional analyses to assess the possible influence 

of family membership on the foregoing analyses. First, we calculated influence metrics 

(Cook’s distance) for each family in models determining variant-dependent effects on 

cortical PiB PET signal. Cook’s distance values were generally low, with a mean value of 

0.02 and an SD of 0.029. There were 7 families with Cook’s d values 1 SD or greater from 

the mean (d ≥ 0.049; Supplemental Figure 7). Excluding these 7 families did not change 

the results of this analysis (Supplemental Table 4). Likewise, excluding all PSEN2 or APP 

pathogenic variant carriers also had little impact on models examining variant dependent 

variations in amyloid PET (Supplemental Table 4).

As individuals within the same family may share polygenic risk factors for Alzheimer’s 

disease, we used previously described methods30 to calculate a weighted polygenic risk 

score (PRS) for each participant based on data from International Genomics of Alzheimer’s 

Project (IGAP). In brief, DIAN participants were genotyped with the Illumina 610 or Omni-

express chip (Illumina, San Diego, CA, USA), followed by imputation with SHAPEIT/

IMPUTE2, using the 1000 Genomes Project as a reference panel. We tested the resulting 

PRS as covariates in models examining variant grouping dependent effects on amyloid PET. 

Including PRS as a covariate or excluding pathogenic variant carriers with 1SD greater than 

the mean PRS did not alter associations between domain-based or codon-based groupings 

and amyloid PET. Similarly, excluding individuals carrying an APOE ε4 or an APOE ε2 

allele also did not impact these models (Supplemental Table 4).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in Context:

Evidence before this study:

All relevant articles on PubMed relating to autosomal dominant Alzheimer’s disease 

pathogenic variants affecting β-amyloid burden (both assessed with PET and 

cerebrospinal fluid; CSF) were regularly searched from October 2018 to May 2021 

and considered for inclusion in the present report. Search terms included: dominantly 

inherited Alzheimer’s disease, autosomal dominant Alzheimer’s disease, amyloid PET, 

PSEN1, PSEN2, APP, CSF, Aβ42, and Aβ40. Previous studies, particularly those from 

the Dominantly Inherited Alzheimer’s Network (DIAN) and the Alzheimer’s Prevention 

Initiative have characterized the behavior of CSF Aβ42 and β-amyloid PET across 

a wide spectrum of asymptomatic and symptomatic autosomal dominant Alzheimer’s 

disease. Due to limited diversity of autosomal dominant Alzheimer’s disease genotypes 

and sample size, these studies either did not examine the role of individual pathogenic 

variants or used broad genotype categories (e.g., PSEN1 pre- and post-codon 200, all 

PSEN1 compared to all APP pathogenic variant carriers) in relatively small samples.

Added value of the study:

The study of autosomal dominant Alzheimer’s disease offers a unique and powerful 

venue to critically assess Alzheimer’s disease biomarkers and their relationships to 

disease progression. Combining autosomal dominant Alzheimer’s disease pathogenic 

variant carriers into broad groups (carriers vs. non-carriers; PSEN1 carriers vs. APP 
carriers, etc.) makes it difficult to recognize the heterogeneity in amyloid burden between 

variants and determine the extent to which variations in amyloid burden are mirrored by 

variations in disease progression. We leverage the unique size and diversity of pathogenic 

variants present in the DIAN cohort to assess variant-dependent variability in amyloid 

burden and disease progression in a way that has not previously been possible. The 

relationship of PET and CSF amyloid measures to each other and to disease progression 

may have important implications for the execution of ongoing clinical trials in both 

sporadic and dominantly-inherited Alzheimer’s disease. This is particularly the case 

for the use of amyloid PET as a surrogate efficacy marker and proxy for disease 

stage in ongoing clinical trials. More broadly, the presence of heterogeneity in amyloid 

measures in autosomal dominant Alzheimer’s disease may have mechanistic implications 

for understanding how pathologic amyloid-driven processes promote disease progression 

in Alzheimer’s disease and the extent to which commonly used Alzheimer’s disease 

biomarkers accurately reflect these pathologic processes.

Implications of all of the available evidence:

Prior work in which PSEN1 pathogenic variant carriers were categorized by whether 

their variant was before or after codon 200 suggests that post-codon 200 variant carriers 

were more likely to have cerebral amyloid angiopathy, whereas those with variants 

pre-codon 200 had shorter disease duration. However, the data presented here in a 

comparatively large and genetically diverse sample suggest that disease progression is 

very similar in carriers of pre- and post-codon 200 PSEN1 variants, despite the overall 

higher levels of PiB PET signal in pre-codon 200 carriers. Consistent with cross-sectional 
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findings in pre- and post-codon 200 PSEN1 carriers, longitudinal data demonstrate higher 

rates β-amyloid PET signal increase in pre-codon 200 carriers, particularly during the 

symptomatic phase of disease. While prior studies in small and less genetically-diverse 

samples suggest that striatal β-amyloid accumulation may precede cortical β-amyloid 

deposition, the present results strongly suggest that this striatal predominant pattern is 

not universal across autosomal dominant Alzheimer’s disease and may be present in 

only a subset of PSEN1 pathogenic variants. For many variant groupings, striatal and 

cortical PiB PET signal rose in tandem. Additionally, cortical predominant patterns were 

also observed. Relevant to both sporadic Alzheimer’s disease and autosomal dominant 

Alzheimer’s disease, the observed discordance in some variants between CSF and PET 

measures of β-amyloid burden raises questions regarding how interchangeable these 

measures are in assessing an individual’s disease stage and potential response to therapy 

in a clinical trial. As variations in β-amyloid were not tightly associated with variations 

functional progression, these results may have broader implications for understanding 

how closely these widely used amyloid biomarkers mirror amyloid-related pathogenic 

processes and the extent to which these β-amyloid biomarkers can be considered 

surrogate markers of disease progression at an individual level.
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Figure 1: Categorization of autosomal dominant Alzheimer’s disease pathogenic variants:
Data from 347 participants in the DIAN observational study with available PiB-PET and 

CSF measures were used in the analysis. The locations of the 62 unique pathogenic variants 

in PSEN1, PSEN2, and APP in this dataset are represented in panels A-C. As this dataset 

contained a large number of unique pathogenic variants, individual variants in PSEN1, 

PSEN2, and APP were categorized (Panel D) based on the affected protein domain (Dataset 

A) or by whether pathogenic variants were before or after codon 200 in PSEN1 (Dataset 

B). In dataset A, only variant categories with > 10 pathogenic variant carriers were retained 
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as distinct groups. Carriers from variant groupings with fewer than 10 participants were 

retained as Ungrouped carriers. For Dataset B, only PSEN1 pathogenic variant carriers and 

their family members were retained in the analysis. Further detail for variant groupings is 

shown in Supplemental Table 1 and 2.
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Figure 2: Trajectories of Amyloid Burden Across EYO:
Amyloid burden in autosomal dominant Alzheimer’s disease pathogenic variant carriers 

(red) and non-carriers (blue) as assessed by PiB PET (A; cortical mean) and CSF Aβ42 

(B). Gray dashed line corresponds to age of expected symptom onset. In both PET and CSF 

assessments, evidence of increased amyloid burden is seen in pathogenic variant carriers 

compared to non-carriers at least 10 years prior to symptom onset. Individual data points 

suggest substantial inter-individual variation in amyloid burden measured by PiB PET (C) 

and by CSF Aβ42 (D) in pathogenic variant carriers (only carriers shown in C and D; level 

of impairment coded with shapes and colors using the Clinical Dementia Rating global score 

- CDR).
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Figure 3: Amyloid Burden and Functional Decline Considering Variant Groupings:
Trajectories of PiB PET (A,D), CSF Aβ42 (B, E), and Clinical Dementia Rating (CDR) sum 

of boxes (C,F) across variant groupings. In panels A-C, individual variants were categorized 

according to the protein domain affected by the underlying genetic variation. In panels D-F, 

PSEN1 pathogenic variant carriers were grouped based on whether the identified variant in 

PSEN1 was before or after codon 200. No significant differences between variant groupings 

were observed in CSF Aβ42 or in CDR sum of boxes (panels B, C, E, and F), but significant 

variant-dependent variations in amyloid PET signal were observed using both the domain- 

and codon-based groupings (A,D; Supplemental Figure 2). * denotes FDR corrected p ≤ 

0.05 for each variant grouping by EYO interaction compared to all other pathogenic variant 

carriers; † denotes FDR corrected p ≤ 0.0001 for carriers of PSEN1 variants prior to codon 

200 compared to those carriers of variants post codon 200.
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Figure 4: Variant-dependent Variations in PiB PET: Illustrative Cases:
PiB-PET images from autosomal dominant Alzheimer’s disease pathogenic variant carriers 

starting from early, pre-symptomatic stages of disease (left) to later stages with recognized 

clinical impairment (right) as measured by the global Clinical Dementia Rating (CDR) and 

CDR Sum of Boxes. CSF Aβ42, cortical and striatal mean PiB values, and variant grouping 

are shown below each image (Transmembrane Domain: TM; Estimated Years to Symptom 

Onset: EYO). These images were chosen to demonstrate the heterogeneity present in β-

amyloid measures across the course of autosomal dominant Alzheimer’s disease. Examples 

of striatal predominant patterns are shown in Supplemental Figure 5.
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Figure 5: Longitudinal PiB PET:
Individual pathogenic variant carriers are plotted in panel A, with each point representing 

a PiB PET measurement and lines connecting observations from the same participant. To 

examine how amyloid PET signal may vary longitudinally by stage of disease, variant 

carriers were separated into early asymptomatic, late asymptomatic, and impaired phases 

of autosomal dominant Alzheimer’s disease, and the yearly change in PiB PET signal was 

calculated from the available longitudinal data (panel B). P-values shown are FDR corrected.
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Figure 6: Variant-dependent Variability in Regional Amyloid Burden:
Trajectories of striatal mean PiB SUVR across EYO with pathogenic variants grouped 

according to affected protein domain (A) or in PSEN1 carriers with genetic variants before 

or after codon 200 (B). Individual variant categories from panel A are depicted in panels 

C-K, with cortical mean shown in colored solid lines and striatal mean in gray dashed 

lines. + denotes p ≤ 0.05 for main effect of variant grouping relative to other pathogenic 

variant carriers; † indicates p ≤ 0.0005 for the presence of a codon-based grouping by EYO 

interaction; * indicates p ≤ 0.05 for comparison of cortical to striatal PiB PET SUVR within 

each variant grouping. P-values are FDR corrected.
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