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Abstract 1 

The extent to which the pathophysiology of autosomal dominant Alzheimer disease 2 

corresponds to the pathophysiology of “sporadic” late onset Alzheimer disease is unknown, 3 

thus limiting the extrapolation of study findings and clinical trial results in autosomal 4 

dominant Alzheimer disease to late onset Alzheimer disease. 5 

We compared brain magnetic resonance imaging and amyloid positron emission tomography 6 

data, as well as cerebrospinal fluid concentrations of amyloid-beta-42, amyloid-beta-40, tau, 7 

and tau phosphorylated at position 181, in 292 carriers of pathogenic variants for Alzheimer 8 

disease from the Dominantly Inherited Alzheimer Network with corresponding data from 559 9 

participants from the Alzheimer’s Disease Neuroimaging Initiative. Imaging data and 10 

cerebrospinal fluid samples were reprocessed as appropriate to guarantee uniform pipelines 11 

and assays. Data analyses yielded rates of change before and after symptomatic onset of 12 

Alzheimer disease, allowing the alignment of the ~30-year age difference between the 13 

cohorts on a clinically meaningful anchor point, namely the participant age at symptomatic 14 

onset. 15 

Biomarker profiles were similar for both autosomal dominant Alzheimer disease and late 16 

onset Alzheimer disease. Both groups demonstrated accelerated rates of decline in cognitive 17 
performance and in regional brain volume loss after symptomatic onset. Although amyloid 18 

burden accumulation as determined by positron emission tomography was greater after 19 

symptomatic onset in autosomal dominant Alzheimer disease than in late onset Alzheimer 20 

disease participants, cerebrospinal fluid assays of amyloid-beta-42, amyloid-beta-40, tau, and 21 
p-tau181 were largely overlapping in both groups. Rates of change in cognitive performance 22 

and hippocampal volume loss after symptomatic onset were more aggressive for autosomal 23 
dominant Alzheimer disease participants. 24 

These findings suggest a similar pathophysiology of autosomal dominant Alzheimer disease 25 

and late onset Alzheimer disease, supporting a shared pathobiological construct. 26 

Keywords:  Alzheimer pathophysiology, biomarkers, rates of change 27 

Abbreviations:  ADAD = autosomal dominant Alzheimer disease; ADNI = Alzheimer’s 28 
Disease Neuroimaging Initiative; APOE ɛ4 = the apolipoprotein E gene ɛ4 allele; Aβ = 29 

amyloid-beta protein; CDR® = Clinical Dementia Rating®; CDR-SB = Clinical Dementia 30 

Rating Sum of Boxes.; CL = Centiloid scale of amyloid burden measured by PET; CSF = 31 
cerebrospinal fluid; DIAN = Dominantly Inherited Alzheimer Network; f/u = follow-up; 32 
LOAD = late onset Alzheimer disease; MC=mutation carriers; MMSE=Mini Mental State 33 

Examination; Pg/mL= picograms per milliliter.; PiB = PET radioligand [
11

C] Pittsburgh 34 
Compound B that binds to amyloid plaques; p-tau181 = tau phosphorylated at position 181; SD 35 
= standard deviation 36 
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Introduction 1 

Much knowledge about Alzheimer disease derives from the study of very rare forms of the 2 

disorder that are caused by dominantly inherited pathogenic variants in the APP, PSEN1, and 3 

PSEN2 genes.  Indeed, Alzheimer’s eponymous case may have been caused by a PSEN1 4 

pathogenic variant,
1
 although the mutation has not been confirmed by DNA sequencing 5 

analysis.
2
 Transgenic mouse models incorporating APP and PSEN1 mutations have helped 6 

elucidate the pathophysiology of Alzheimer disease
3
 and have been critical for the 7 

development of mechanism-based investigational drugs for Alzheimer disease, including 8 

immunotherapies that target the amyloid-beta protein (Aβ).
4
 Current secondary prevention 9 

trials of anti-amyloid experimental therapies in asymptomatic older adults at elevated risk for 10 

developing symptomatic Alzheimer disease
5
 first were pioneered in persons with ADAD.

6-8
  11 

However, the extent to which knowledge derived from the study of ADAD pathophysiology 12 

extrapolates to the far more common “sporadic” LOAD is uncertain. 13 

There are obvious differences between ADAD and LOAD.  Both ADAD and LOAD are 14 

characterized by age- and amyloid plaque-dependent reduction in Aβ clearance from the 15 

central nervous system,
9
 but only ADAD demonstrates a relative over-production of Aβ42 16 

compared with Aβ40 and other isoforms.
10

 The mean age at symptomatic onset in ADAD is 17 

~46y,
11,12

 but 95% of symptomatic LOAD persons are age 70 years and older
13

 and 18 

correspondingly LOAD very often is complicated by age-associated comorbidities that 19 

contribute to the dementia syndrome.
14

 The mean age of death in LOAD generally is 82 years 20 

or older versus a mean age at death in ADAD of ~52 years.
15

 Thus, both at symptomatic 21 

onset and at death, ADAD individuals are approximately three decades younger than LOAD 22 

individuals.   23 

Despite these differences, the clinical and neuropathological phenotypes of ADAD and 24 

LOAD often are remarkably similar.
11,15,16

 Indeed, some ADAD kindreds are clinically 25 

indistinguishable from LOAD.
17

  The symptomatic onset for both disorders typically is 26 

marked by amnestic deficits followed by global cognitive dysfunction and increasing 27 

functional impairment.
 

 Neuropathological lesion distribution follows an identical 28 

hierarchical pattern in both disorders that suggests a common pathophysiological process
18

 29 

and immune-electron microscopy shows no difference in tau filament structures in the two 30 

disorders.
19

 To date, however, a multimodal molecular biomarker comparison of ADAD and 31 

LOAD to examine in vivo pathophysiology has not been reported. Molecular biomarkers of 32 
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Alzheimer disease include cerebral Aβ accumulation as assessed with positron emission 1 

tomography (PET), using radioligands for amyloid, and by altered concentrations of the 2 

cerebrospinal fluid (CSF) proteins Aβ42, Aβ40, tau, and p-tau181.  A comparative study of 3 

these biomarkers is needed to address whether the development and progression of Alzheimer 4 

disease pathophysiology is similar in ADAD and LOAD. A shared pathobiological construct 5 

would support the rationale that mechanism-based therapies that demonstrate benefit in 6 

ADAD also are likely to be efficacious in LOAD.  7 

Since 2008, the DIAN has established an international multicenter cohort of individuals, both 8 

mutation carriers (MCs) and mutation noncarriers, from ADAD families. The ADNI cohort is 9 

an ideal LOAD comparator because, like DIAN, it is a multicenter, longitudinal, international 10 

study of multimodal biomarkers of Alzheimer disease but in non-ADAD older adults. The 11 

DIAN and ADNI cohorts both include cognitively normal as well as symptomatic 12 

participants. The purpose of the current study was to examine the hypothesis that ADAD and 13 

LOAD share similar longitudinal neuroimaging and CSF biomarker profiles, where imaging 14 

and CSF data were re-processed as appropriate to assure uniform pipelines and assays.  The 15 

focus was on Alzheimer disease biomarker rates of change in the preclinical stage (prior to 16 

symptom onset) and the early symptomatic stage because these stages are the target of 17 

secondary prevention
5,20,21

 (preclinical Alzheimer disease) and treatment
22,23

 (early 18 

symptomatic Alzheimer disease) trials of investigational anti-Alzheimer therapies. Because 19 

phenotypic heterogeneity in ADAD may reflect mutation-specific factors,
16

 exploratory 20 

analyses were conducted to assess possible effects of pathogenic variants in different genes or 21 

in specific codon positions within PSEN1 on the biomarker characteristics in ADAD. 22 

MATERIALS AND METHODS 23 

Note:  All DIAN and ADNI participants self-reported gender, race, and ethnicity. 24 

DIAN Participants 25 

DIAN recruits and longitudinally assesses biological adult children (age > 18 years) of parents 26 

with known pathogenic variants causing Alzheimer disease.
24

  From January 2009 through June 27 

2017, DIAN had enrolled 504 participants from 201 ADAD families; 3 participants had 28 

missing pathogenic variant information and were excluded. An additional 21 individuals with 29 

the APP E693Q (Dutch) pathogenic variant were excluded from the remaining 501 participants 30 

because this variant does not result in dementia or neuropathology typical of AD.
25

   Of the 31 
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remaining 480 participants, 292 were MCs including 224 (76.7%) with a PSEN1 pathogenic 1 

variant (with 71 distinct mutations represented in 131 families), 46 (15.8%) with an APP 2 

pathogenic variant (with 13 distinct mutations represented in 27 families), and 22 (7.6%) with a 3 

PSEN2 pathogenic variant (with 4 distinct mutations represented in 7 families). The 292 MCs 4 

who completed at least their baseline clinical assessment comprised the DIAN cohort in this 5 

study. 6 

The DIAN study was approved by each performance site’s Institutional Review Board/Ethics 7 

Committee, and all participants provided written informed consent.  The clinical and cognitive 8 

assessments use the Uniform Dataset.
26,27

 The information provided by the clinical assessment 9 

is synthesized by the clinician to generate the Clinical Dementia Rating® (CDR®),
28

 which 10 

determines the presence or absence of dementia and, when present, its severity as follows:  11 

CDR 0 indicates cognitive normality, whereas CDR 0.5, 1, 2, and 3 indicate very mild, mild, 12 

moderate, and severe dementia.   The CDR yields the more quantitative CDR-Sum Box (CDR-13 

SB) with a range of 0 (no impairment) to 18 (severe impairment).
29

 The baseline cognitive 14 

assessment includes the Uniform Dataset measures (Table 1). The clinical and the cognitive 15 

assessments were conducted independently. 16 

Following the clinical and cognitive assessments, participants had the following procedures: 17 

lumbar puncture to obtain CSF, brain magnetic resonance imaging (MRI), and PET with the 18 

amyloid radioligand Pittsburgh Compound B (PiB). For asymptomatic participants (i.e., CDR 19 

0), the assessment protocol was obtained approximately every 3 years whereas symptomatic 20 

individuals (i.e., CDR>0) were assessed annually (imaging studies to obtain CSF were 21 

completed in participants every 3 years). Of the 292 MCs, 172 participants had two or more 22 

visits.  Individual research results are not disclosed to the individual. 23 

ADNI Participants 24 

Participants were enrolled in ADNI in three waves (ADNI-1, ADNI-GO, and ADNI-2) if they 25 

were age 55-90 years, had completed at least 6 years of education, were fluent in English 26 

and/or Spanish, and met criteria for cognitive normality, mild cognitive impairment, or 27 

Alzheimer disease dementia.  Recruitment methods at participating ADNI sites included 28 

referrals from memory clinics and community outreach programs; all participants provided 29 

written informed consent and each performance site’s Institutional Review Board approved the 30 

ADNI protocol.  Clinical and cognitive assessments and brain MRI were completed at baseline 31 

and annually thereafter; amyloid PET and CSF were obtained at baseline and every two years 32 
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thereafter.  Details regarding the ADNI protocol, including CDR determination in all 1 

participants, and full inclusion and exclusion criteria have been reported
30,31

 and are updated at 2 

http://adni-info.org.  If demented, only ADNI participants with a clinical diagnosis of 3 

Alzheimer disease were included. An amyloid PET scan also was required.  Of the 559 ADNI 4 

participants who met all criteria, 531 participants had 2 or more visits. 5 

Comorbid Disorders 6 

In both the DIAN and ADNI cohorts, the 15-item Geriatric Depression Scale
32

 was 7 

administered to all participants at the baseline assessment; a score of 5 or greater was 8 

considered to represent depression.  Also at the baseline assessment, participants reported (or, if 9 

cognitively impaired, their study partners reported) whether they had been diagnosed with 10 

hypertension or diabetes mellitus (Type 1 or Type 2), as these illnesses have acceptable 11 

reporting accuracies.
33

 12 

Definition of Symptomatic Onset 13 

To date, all 45 DIAN MCs with a clinical diagnosis of Alzheimer disease dementia who were 14 

examined neuropathologically had advanced histopathological Alzheimer disease (Personal 15 

communication, Richard J. Perrin, MD, PhD, Washington University).  It thus is reasonable to 16 

expect that the first recognition of cognitive impairment, as denoted by the assignment of 17 

CDR>0 during a clinical assessment, in a MC represents the initial symptomatic manifestation 18 

of AD.  The time of symptomatic onset for DIAN MCs was defined as the time of the first 19 

score of CDR>0 or on the estimated age at symptomatic onset as determined by genetic and 20 

parental data.
12

  Neuropathological confirmation of Alzheimer disease in ADNI participants 21 

with a clinical diagnosis of mild cognitive impairment or of Alzheimer disease dementia, 22 

however, is less certain.  For example, in one study of 526 participants assessed at National 23 

Institute on Aging-funded Alzheimer Disease Centers, 88 (16.7%) individuals with a diagnosis 24 

of clinically probable Alzheimer disease did not meet neuropathologic criteria for AD.
34

  At the 25 

earliest stages of cognitive impairment, it can be difficult to distinguish Alzheimer disease as 26 

the underlying etiology from other potential non-progressive causes of cognitive dysfunction 27 

such as depression and polypharmacy.
35

  ADNI participants thus were required to demonstrate 28 

progressive cognitive dysfunction as operationalized by an increase of the individual’s CDR-29 

SB of 1 or greater, and symptomatic onset for ADNI participants was the time when 30 

progression of CDR-SB≥1 occurred. 31 
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Cognitive Data 1 

Ten cognitive tests (Table 1) were shared between DIAN and ADNI cognitive batteries:  2 

Animal Fluency, Boston Naming, Wechsler Adult Intelligence Scale-Revised Digits Forward 3 

and Backward, Wechsler Memory Scale-Revised Logical Memory-Immediate and Delayed 4 

Recall, Mini-Mental State Examination (MMSE), Trailmaking A, Trailmaking B, and 5 

Wechsler Adult Intelligence Scale-Revised Digit Symbol.
27

 For each test, a Z-score was 6 

computed by using the mean and standard deviation (SD) of all the data from the combined 7 

cohort. A cognitive composite was derived by averaging the 10 Z-scores (with appropriate re-8 

orientation of the tests so that higher values of all tests in the composite were associated with 9 

better cognitive performance).  10 

Genetics 11 

For the DIAN participants, sequence analysis for specific pathogenic variants and  12 

apolipoprotein E (APOE) genotyping were performed as previously described.
36

 ADNI 13 

participant APOE ε2, ε3, and ε4 isoforms were determined in accordance with published 14 

methods.
37

 15 

CSF 16 

Collection of CSF in both DIAN and ADNI was in accordance with standard protocols.  17 

Briefly, ~15-25 mL of CSF was collected in polypropylene tubes at 8:00 am following 18 

overnight fasting and immediately frozen on dry ice.  Frozen samples were shipped overnight 19 

on dry ice to the respective Biomarker Cores for DIAN and ADNI where after thawing they 20 

were aliquoted (0.5 mL), flash-frozen on dry ice, and stored at -80°C until the day of 21 

analysis. For this study, aliquots from stored samples of DIAN participants were shipped on 22 

dry ice to the ADNI Biomarker Core for biomarker analysis. The Roche Elecsys 23 

immunoassays for Aβ42, Aβ40, tau, and p-tau181 measurements in CSF were performed on a 24 

Cobas e601 instrument as previously described. 
38-40

 A single lot number of reagents for each 25 

of the four analytes was used throughout this study.  [Note:  The ratio of CSF Aβ42 to Aβ40 is 26 

considered to be superior to the CSF concentration of Aβ42 alone in detecting Alzheimer 27 

disease pathology
39

 and thus only the ratio is considered in this study.] The 424 ADNI 28 

(obtained from 181 participants)  and 627 DIAN (obtained from 235 participants) CSF 29 

samples were run in singlicate for each of the four biomarker analytes. The samples were 30 
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randomly distributed across runs on 14 days and were completed over the time period of 1 

October 18, 2017 through November 9, 2017.   2 

Quality control results were within stated limits to meet acceptance criteria for precision and 3 

accuracy.  Approximately 40 samples were run twice each day for 14 days.  Lower and upper 4 

technical limits for each Elecsys analyte measuring range were 200 to 1700 pg/mL for CSF 5 

Aβ42, 22 to 40300 pg/mL for CSF Aβ40, 80 to 1300 pg/mL for CSF tau, and 8 to 120 pg/mL 6 

for CSF p-tau181.  All other methodologic details are as described.
40

 7 

Imaging 8 

MRI imaging for both projects was based on the ADNI protocols.  Due to budgetary 9 

limitations, only ADNI participants with 2 or more amyloid PET scans had their scans 10 

reprocessed. All raw ADNI MRI and PET data were downloaded from http://adni.loni.usc.edu/ 11 

by the DIAN Imaging Core for reprocessing to ensure harmonization between the two cohorts. 12 

DIAN T1-weighted sequences were acquired on a 3 Tesla scanner with a 1.1 × 1.1 × 1.2 mm 13 

resolution.  ADNI data were acquired on a mixture of 1.5T (n=260) and 3 Tesla (n=535) 14 

scans 
41

  with resolutions of less than 1.3 mm 15 

http://adni.loni.usc.edu/methods/documents/mri-protocols. 16 

A total of 514 DIAN and 865 ADNI T1-weighted structural MRI scans underwent volumetric 17 

segmentation and cortical surface reconstruction using FreeSurfer.5.3.
42,43

 For all statistical 18 

analyses, the cortical thickness was averaged and volume measures were summed across 19 

hemispheres. Regional volumes were corrected for intracranial volume using a regression 20 

approach.
44

 Based on studies of regions sensitive to volume loss in ADAD and LOAD, the 21 

LOAD cortical signature emphasized atrophy in temporal lobe regions whereas the ADAD 22 

signature was focused on parietal regions.
45

  Hence,  hippocampal volumes and precuneus 23 

thickness were selected for analysis. Details of processing and quality control criteria were 24 

described previously.
46,47

 A total of 512 DIAN and 798 ADNI FreeSurfer MRI process passed 25 

the quality control procedures. 26 

For amyloid PET scans, two radioligands, PiB and florabetapir, were used in accordance with 27 

standard protocols
48,49

. A total of 512 PiB scans from the DIAN cohort and 802 (679 28 

florbetapir and 123 PiB) scans from the ADNI cohort were processed. Quality control criteria 29 

for PET processes pipeline included post-injection window of 40–70 minutes for PiB and 50-30 

70 minutes for florbetapir; and the availability of MRI scan within 24 months of the PET scan 31 

with passed FreeSurfer process.  Thus, the total number included in this analysis are 429 PiB 32 
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scans from the DIAN cohort and 586 (535 florbetapir and 51 PiB) scans from the ADNI 1 

cohort. 2 

Amyloid deposition in the regions of interest was determined using FreeSurfer, and a 3 

standardized uptake value ratio with correction for partial volume effects was calculated 4 

(https://github.com/ysu001/PUP).
46,47

 The cerebellum was chosen as the reference region.  5 

PET scans were smoothed with an 8mm Gaussian kernel to achieve a common spatial 6 

resolution across scanners. All data were partial volume corrected using a geometric transfer 7 

matrix approach.
50,51

 A composite measure to represent a global measure of Aβ was 8 

calculated using the averaged standardized uptake value ratios in the lateral orbitofrontal, 9 

medial orbitofrontal, precuneus, rostral middle frontal, superior frontal, superior temporal, 10 

and middle temporal regions.  Values from this global summary were converted to the 11 

Centiloid scale (CL)
52

 to harmonize tracer and data processing differences using our 12 

previously published equations.
47,53

   13 

Statistical Analysis 14 

The variables used for analysis are shown in Table 1. Baseline characteristics of the DIAN 15 

MCs and ADNI participants were summarized separately with proportions for categorical 16 

variables and means and SD for quantitative variables. Because ADNI and DIAN used 17 

different tracers in amyloid PET imaging, the mean cortical standardized uptake value ratios 18 

from both databases were converted to the CL scale for analyses.
52,53

  19 

For the primary comparisons of longitudinal change on biomarkers and cognitive outcomes, 20 

the longitudinal courses were aligned by a clinically meaningful anchor (i.e., age at symptom 21 

onset ). The anchor point for DIAN participants who had yet to reach a global CDR of 0.5 or 22 

higher during longitudinal follow-up was their mutation-based age at symptom onset (or their 23 

parental age of symptom onset if the former was not available). 
12

 For each DIAN participant 24 

whose global CDR had progressed from 0 at baseline to at least 0.5 during longitudinal 25 

follow-up, his/her age at the visit when a CDR 0.5 or above was first rendered served as the 26 

anchor point. For ADNI participants with a CDR-SB less than 1 at baseline, the anchor point 27 

was the age when a CDR-SB of 1 or higher first was observed, either at baseline or during 28 

longitudinal follow-up. The anchor point for  ADNI participants whose baseline CDR-SB 29 

already was larger than 1 was estimated through a calibration after fitting a random intercept 30 

model
54

 to the observed CDR-SB in this group.  31 
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12 

For each participant from DIAN and ADNI, the estimated years to symptomatic onset 
12

 was 1 

defined as the difference between the participant’s age at each visit and the age of the anchor 2 

point. Hence, an estimated years to onset of 0 indicates the anchor point, and negative and 3 

positive estimated years to onset indicate the asymptomatic and symptomatic stages, 4 

respectively. After aligning all longitudinal data at the anchor point across participants for 5 

each biomarker and cognitive outcome, we used estimated years to onset as the time scale 6 

and fitted mixed-effects piecewise linear models with a random intercept and two random 7 

slopes.
54

 The models assumed, for each cohort, a piecewise linear trend preceding and 8 

following the anchor point as the primary fixed effects of interest.  This approach allowed the 9 

longitudinal trajectories to be assessed for differences between DIAN MCs and ADNI 10 

participants, both prior to and after the clinical anchor point, by estimating and testing the 11 

difference of the corresponding slopes between the two cohorts in the model. Further 12 

analyses included APOE ε4 status, gender, and education as the additional fixed effects, and 13 

these effects were examined on the comparisons between DIAN MCs and ADNI participants. 14 

Additionally, all two-way interactive effects between cohorts, gender, education, and APOE 15 

ε4 status were examined on the rates of longitudinal change.  Exploratory analyses as to 16 

whether the effects of mutations in different genes or in specific codon positions within 17 

PSEN1 affected biomarker change in the DIAN MCs were conducted. The residuals were 18 

examined for evidence of non-normality, non-linearity, and other potential model violations. 19 

These models led to approximate two-sided t-tests for comparing the slopes between the two 20 

cohorts, with the degrees of freedom estimated by the Satterthwaite method. Statistical 21 

significance was defined as p<0.05. All analyses were carried out in SAS version 9.4.
55

  All 22 

data are reported in the text, tables, and or figures (CSF Aβ42 and CSF Aβ40 are reported as 23 

the ratio, CSF Aβ42/40). 24 

Data and Materials Availability 25 

All data and code use in these analyses are available to any researcher for purposes of 26 

reproducing or extending the analyses.  To protect the privacy of research participants, 27 

investigators must sign a data use agreement with the respective institutions.  Data may be 28 

requested at the following websites: DIAN at dian.wustl.edu/our-research/for-29 

investigators/dian-observational-study-investigator-resources/ and ADNI data: 30 

adni.loni.usc.edu).  There was no blinding or randomization in this study. 31 

 32 
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RESULTS 1 

The variables available for analysis are shown in Table 1 and are discussed in Materials and 2 

Methods.  The baseline demographic features for the DIAN and ADNI cohorts, each in two 3 

groups based on CDR score (i.e., CDR 0 vs CDR > 0) are shown in Table 2.  Asymptomatic 4 

ADNI participants (i.e., CDR 0) were ~40 years older than their DIAN counterparts; 5 

symptomatic ADNI participants (i.e., CDR>0) were ~30 years older than symptomatic DIAN 6 

individuals.  Both asymptomatic and symptomatic ADNI participants had more years of 7 

education than corresponding DIAN participants.  For the symptomatic groups, ADNI 8 

participants were more likely to be male and to carry an ε4 allele of the APOE gene compared 9 

with symptomatic DIAN MCs. At baseline, symptomatic DIAN participants were more 10 

cognitively impaired than their ADNI counterparts as measured by MMSE scores. Limited 11 

information about baseline comorbid disorders was available (not shown in Table 1).  Fifty-12 

seven (19.5%) DIAN MCs were depressed, 22 (7.5%) reported a history of hypertension, and 13 

4 (1.4%) reported a history of diabetes mellitus.  Twenty-nine (5%) of ADNI participants 14 

were depressed, 265 (47.4%) reported a history of hypertension, and 59 (10.6%) reported a 15 

history of diabetes mellitus. 16 

As noted in Figures 1 and 2, the transition from asymptomatic to symptomatic for both the 17 

DIAN and ADNI groups was marked by an inflection at the anchor point in rates of change 18 

for CDR-SB, cognitive composite, and brain MRI-derived loss of hippocampal volume and 19 

precuneus cortical thickness such that the rates increased after symptomatic onset.  To 20 

examine rates of change before and after age at symptomatic onset, results are shown as 21 

within cohort comparisons as well as comparisons between cohorts.  [Note:  The large 22 

majority of DIAN participants do not know, nor do they wish to learn, their mutation status.  23 

To reduce the possibility of unintended disclosure that a DIAN individual may be a mutation 24 

carrier, data points from the 48 participants who were more than 20 years younger than their 25 

estimated age at symptomatic onset are not displayed in Figures 1-4, although all data were 26 

used in the analyses.] 27 

  28 
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CDR-SB and Cognitive Composite 1 

Within Cohorts 2 

DIAN MCs had a greater rate of increase on the CDR-SB  (p<0.0001, t = -19.36) and a 3 

greater rate of decline on the cognitive composite (p<0.0001, t = 14.92) after symptomatic 4 

onset compared with the rates of change prior to symptomatic onset. Similarly, the rates of 5 

change on the CDR-SB and the cognitive composite in ADNI participants was greater after 6 

symptomatic onset compared with the rates of change prior to symptomatic onset (p<0.0001, 7 

t = -16.13 and p <0.0001, t = 16.60, respectively).  See Figure 1 and Table 3. 8 

Between Cohorts 9 

ADNI participants had a greater increase in CDR-SB scores prior to symptomatic onset in 10 

comparison with DIAN MCs (p<0.001, t = 4.75). The rates of decline on the cognitive 11 

composite did not differ for DIAN MCs and ADNI participants before symptomatic onset.  12 

However, after symptomatic onset the DIAN MCs had greater rates of change than did the 13 

ADNI participants on the CDR-SB (p<0.001, t = -7.11) and the cognitive composite 14 

(p<0.0001, t = 6.92).  See Figure 1 and Table 4. 15 

Cerebral Volume Loss 16 

Within Cohorts  17 

Hippocampal volume loss occurred prior to symptomatic onset for both DIAN MCs and 18 

ADNI participants (p≤0.0007, t = -3.45 and p < 0.0001, t = -6.58, respectively). The rates of 19 

loss of hippocampal volume and of precuneus thickness were increased after symptomatic 20 

onset when compared with rates prior to symptomatic onset for both DIAN MCs (p<0.0001, t 21 

= 12.34 for hippocampal volume and p <0.0001, t = 11.59 for precuneus thickness) and for 22 

ADNI participants (p<0.0001, t = 4.97 for hippocampal volume and p=0.0005, t = 3.47 for 23 

precuneus thickness).  See Figure 2 and Table 3. 24 

Between Cohorts  25 

Consistent with the recognized decline in brain volume with age,
56,57

 ADNI participants had a 26 

greater rate of decline in hippocampal volume prior to symptomatic onset than did DIAN 27 

MCs (p<0.001, t = -5.11); there was no cohort difference in loss of precuneus thickness prior 28 

to symptomatic onset.  After symptomatic onset, DIAN MCs when compared with ADNI 29 
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participants had a greater rate of loss in both hippocampal volume (p<0.001, t = 4.02) and 1 

precuneus thickness (p<0.001, t = 8.75).  See Figure 2 and Table 4. 2 

Amyloid Status 3 

Within Cohorts 4 

DIAN MCs started accumulating amyloid prior to symptomatic onset (p<0.0001, t = 14.42), 5 

and had an increased rate of cerebral amyloid accumulation on the CL scale after 6 

symptomatic onset when compared with the rate before symptomatic onset (p=0.0024, t = -7 

3.07).  The rate of cerebral amyloid accumulation did not differ for ADNI participants before 8 

or after symptomatic onset. A decrease in the ratio of CSF Aβ42 to Aβ40 (Aβ42/40) occurred 9 

prior to symptomatic onset for both ADNI participants (p=0.017, t = -2.41) and DIAN MCs 10 

participants (p<0.001, t = -12.69). Perhaps as a consequence of an initial elevated threshold 11 

due to the marked overproduction of Aβ42 in MCs, the rate of decline in CSF Aβ42/40 levels 12 

for DIAN MCs was greater before symptomatic onset than afterward (p<0.0001, t = -8.55).  13 

In ADNI participants, the rate of decline in CSF Aβ42/40 did not differ before or after 14 

symptomatic onset.  See Figure 3 and Table 3. 15 

Between Cohorts  16 

There was no difference between DIAN MCs and ADNI participants in the rate of cerebral 17 

amyloid accumulation measured by CL prior to symptomatic onset.  After symptomatic 18 

onset, DIAN MCs had a greater rate of cerebral amyloid accumulation than did ADNI 19 

participants (p= 0.0221, t = -2.31). DIAN MCs had a greater rate of decline in CSF Aβ42/40 20 

than ADNI participants before symptomatic onset (p=0.0034, t = 2.96), possibly because of 21 

the notably increased baseline CSF Aβ42 levels that characterizes ADAD, but after 22 

symptomatic onset ADNI participants had a greater rate of decline (p=0.0022, t = -3.14).  See 23 

Figure 3 and Table 4. 24 

CSF tau and p-tau181 25 

Within Cohorts  26 

The rates of increase in CSF concentrations of tau and p-tau181 did not differ for DIAN MCs 27 

and ADNI participants whether prior to or after symptomatic onset for either the DIAN MCs 28 

or the ADNI participants.  See Figure 4 and Table 3. 29 

 30 
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Between Cohorts  1 

The rates of change in CSF concentrations of tau and p-tau181 did not differ for DIAN MCs 2 

when compared with ADNI participants, either before or after symptomatic onset.  See 3 

Figure 4 and Table 4. 4 

Adjustment for Covariates 5 

All between cohort findings remained as reported in Table 4 after adjustment for gender, 6 

years of education, and APOE ε4 status (Supplemental Table 1) and additionally for presence 7 

of depression, hypertension, and diabetes (Supplemental Table 2). 8 

Adjustment for Potential Participants Without AD 9 

Sixty-seven ADNI participants had a CSF AB42/40 ratio above 0.063 with the Elecsys 10 

immunoassay; a ratio below 0.063 is considered indicative of Alzheimer neuropathology 11 

(L.M. Shaw, personal communication).  Several factors might explain the higher ratio in the 12 

67 ADNI participants (the 67 also included 13 ADNI participants who did not demonstrate 13 

increased amyloid PET burden after symptomatic onset), but one possibility is that these 14 

individuals had a non-Alzheimer dementing disorder.  All analyses were repeated without 15 

data from the 67 participants to assess whether their inclusion may have skewed the ADNI 16 

cohort results. However, the re-analyses did not change any of the comparisons of the DIAN 17 

and ADNI cohorts with the exception that the significantly higher amyloid PET burden for 18 

DIAN participants when all 559 ADNI participants were analyzed (Table 4) no longer is 19 

significant (Supplemental Table 3) 20 

APOE ε4 Effects 21 

Further analyses examined all two-way interactions between cohorts, gender, years of 22 

education, and APOE ε4 status on the rates of longitudinal change.  There were no significant 23 

interactions between the cohorts and gender, years of education, and APOE ε4 status with any 24 

biomarker.  For example, the estimated annual rate of increase after symptomatic onset of 25 

amyloid accumulation (CL) for DIAN MCs with and without an ε4 allele was 0.379 vs. 0.357 26 

and for ADNI participants with and without an ε4 was 0.217 vs. 0.213.  A trend was noted for 27 

the cognitive composite after symptomatic onset (p=0.0572, t = 1.91); although DIAN MCs 28 

with and without an ε4 allele shared almost the same annual rate of decline (-0.283 vs. -0.278 29 

per year), ADNI participants with an ε4 allele had a faster rate of decline (-0.210/y) than 30 

ADNI participants without an ε4 allele- (-0.130/y).   31 
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Gene- and Mutation-Specific Effects in DIAN MCs  1 

No consistent gene- or mutation-specific biomarker effects were noted in the exploratory 2 

analyses, which were limited by small sample sizes (46 APP and 22 PSEN2 mutations) and 3 

by the multiplicity effects of many comparisons (Supplemental Tables 4 and 5). However, 4 

prior to symptom onset, PSEN1 MCs had a greater loss of hippocampal volume than APP 5 

MCs.  Also prior to symptom onset, PSEN1 MCs had a greater increase in CSF p-tau181 than 6 

APP MCs and a greater decrease in CSF Aβ42/40 than PSEN2 MCs.    7 

DISCUSSION 8 

To our knowledge, this study represents the first longitudinal comparison of identically 9 

assessed molecular biomarkers of Alzheimer disease in ADAD and LOAD.  The results 10 

support the following conclusions:  1) molecular biomarker profiles for cerebral amyloidosis 11 

and tauopathy are similar in ADAD and LOAD; 2) in both ADAD and LOAD, rates of 12 

change in cognitive impairment and in loss of hippocampal volume and precuneus thickness 13 

accelerate after symptomatic onset; and 3) after symptomatic onset, ADAD has a more 14 

aggressive course than LOAD as measured by rates of cognitive decline and regional brain 15 

volume loss and possibly by greater cerebral amyloid accumulation (without the 67 ADNI 16 

participants who may have had a non-Alzheimer dementia, cerebral amyloid accumulation 17 

after symptomatic onset between DIAN and ADNI participants did not differ significantly). 18 

The more rapid cognitive decline after symptomatic onset for ADAD compared to LOAD 19 

also was demonstrated in a similar study using a different LOAD cohort than ADNI.
58

 There 20 

were no significant interactions for any biomarker between the ADAD and LOAD cohorts 21 

and APOE ɛ4 status.  Based on limited evidence, there were no consistent gene- or mutation-22 

specific differences to preclude comparison of the combined DIAN cohort with the ADNI 23 

cohort. Two putative markers of neurodegeneration, CSF tau levels and cerebral volume loss, 24 

had divergent outcomes after symptomatic onset in that the rate of change for CSF tau did not 25 

differ between ADAD and LOAD whereas the rates of change for hippocampal volume loss 26 

and decreased precuneus thickness were accelerated in ADAD compared with LOAD. This 27 

divergence seemingly is inconsistent with a proposed biomarker-based definition of 28 

Alzheimer disease wherein both CSF tau and cortical atrophy are considered to represent 29 

non-specific neural injury.
59

  However, subsequent to this study, there is emerging consensus 30 

that CSF levels of neurofilament light may be a better indicator than CSF tau of 31 

neurodegeneration in Alzheimer disease.
60

 32 
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Prevention trials in LOAD are limited by the uncertainty of whether all cognitively normal 1 

individuals with preclinical Alzheimer disease will inevitably transition to symptomatic 2 

Alzheimer disease and, if they do, when the transition will occur. Moreover, studies of 3 

LOAD may be confounded by the effects of age and comorbidities.  In contrast, 4 

asymptomatic ADAD MCs are virtually certain to develop symptomatic Alzheimer disease 5 

(the pathogenic variants have near 100% penetrance) and at a predictable age;
12

 they typically 6 

also are free of most age-associated co-pathologies.
15

  Thus, secondary prevention trials in 7 

ADAD MCs may be a valuable paradigm for analogous trials in LOAD.  This study 8 

demonstrates that molecular biomarkers for Alzheimer disease have similar profiles in 9 

ADAD and in LOAD, suggesting that investigational drugs that engage these biomarkers as 10 

therapeutic targets may demonstrate comparable effects in both disorders.   11 

Nonetheless, ADAD and LOAD are not identical.  In addition to the relative overproduction 12 

of Aβ42 in ADAD and the effects of age and age-associated co-pathologies in LOAD, ADAD 13 

may generate unique cerebral biochemical changes. Specifically, PSEN1 and PSEN2 14 

pathogenic variants alter the function of γ-secretase, a membrane-bound protease complex 15 

that includes the presenilin protein.
61

 In conjunction with β-secretase, γ-secretase not only 16 

hydrolyzes amyloid precursor protein (APP) to yield Aβ isoforms but also has more than 85 17 

non-APP substrates, including molecules involved in signaling receptors and cell fate 18 

determination (e.g., Notch1).
62

 Altered proteolytic degradation of these substrates by different 19 

PSEN pathogenic variants may result in peptide heterogeneity and biochemical diversity 20 

which in turn may contribute to variability in the number and distribution of amyloid 21 

deposits
63

.  It has been suggested that such alterations may contribute to the greater 22 

symptomatic disease severity in ADAD as compared with LOAD;
64

 another potential factor 23 

in the more aggressive symptomatic course may be that greater amyloid burden characterizes 24 

ADAD.  However, young onset Alzheimer disease without known pathogenic variants and 25 

thus lacking aberrant PSEN proteolytic degradation also is characterized by a more 26 

aggressive course than LOAD, at least as measured by clinical features
65

 and rates of 27 

cognitive decline
66

, and has greater neocortical tau aggregation than is observed in LOAD.
67

 28 

Both ADAD and LOAD demonstrate heterogeneity.  Although there are no obvious 29 

genotype-phenotype correlation in ADAD for clinical features
68

 or for CSF Aβ42, tau, or p-30 

tau181, 
69

 the mean age at symptomatic onset in ADAD is later for carriers of APP pathogenic 31 

variants (mean = 50.4y, +/- standard deviation of 5.2y) versus those with PSEN1 pathogenic 32 

variants (mean = 43.6y, +/- 7.2y); also, PSEN1 MCs with mutations before codon 200 have a 33 
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younger AAO (mean = 41.3y, +/- 7.2y) than those with mutations after codon 200 (mean = 1 

45.8y, +/- 6.4y).
70

 Several neuropathological and neuroimaging reports note elevated cerebral 2 

Aβ burden in ADAD individuals compared with those with LOAD;
16,71-73

 one of these reports 3 

noted differences in the degree of amyloid angiopathy in PSEN1 MCs with mutations before 4 

codon 200 compared with those with mutations after codon 200.
16

 Despite similar functional 5 

decline, ADAD pathogenic variants show heterogeneity in Aβ burden as measured by PET 6 

PiB.
74

 Although overall Aβ burden (plaques and amyloid angiopathy) was increased in a 7 

study of ADAD brains compared with LOAD brains, there were no differences in the 8 

densities of neuritic plaques and neurofibrillary tangles, nor were there differences in the 9 

degree of neuronal loss.
18

 Synucleinopathy occurs in 42%-50% of brains from both ADAD 10 

and LOAD; LOAD brains also demonstrate TDP-43 proteinopathy, argyrophilic grain 11 

disease, hippocampal sclerosis, and infarcts.
14,15

  The age at symptomatic onset in ADAD 12 

ranges from the third to the eighth decade of life
75,76

 and even in the same pedigree can vary 13 

by over 30 years.
77

  Persons entered into the National Alzheimer’s Coordinating Center 14 

database (www.alz.washington.edu) with a diagnosis of sporadic Alzheimer disease also 15 

demonstrate a wide range of age at diagnosis ranging from 36 years to 104 years. The 16 

younger the age at symptomatic onset in LOAD, the more likely that the presenting feature is 17 

non-amnestic and the greater the frequency of behavioral symptoms, such as depression and 18 

apathy.
78

   Atypical presentations of Alzheimer disease are reported more often in LOAD
79,80

 19 

than in ADAD.
77

  Features such as myoclonus, seizures, and parkinsonism occur in both 20 

ADAD and LOAD, especially with longer disease durations
81

 and with specific PSEN1 21 

pathogenic variants.
70

 Spastic paraparesis is observed with some PSEN1 pathogenic variants 22 

in ADAD;
82

 the histopathological correlate of  spastic paraparesis, “cotton wool” plaques, 23 

occurs in both ADAD and LOAD.
83

  Amyloid imaging has identified early striatal uptake in 24 

some PSEN1 MCs.
84

  25 

This study has limitations.  The disparate ages of the cohorts, which may result in age-related 26 

confounding, required anchoring the cohorts on clinical disease progression; the anchor point 27 

for some individuals in both cohorts required estimation. The number of ADNI CDR 0 28 

participants who subsequently progressed to CDR-SB>1 was small and the period of 29 

observation prior to symptomatic onset was brief. Both the DIAN and ADNI protocols 30 

changed over time, creating analytic challenges (e.g., need for Centiloid conversion to 31 

reconcile PET data obtained with both PiB and florbetapir). The current study was initiated 32 

prior to the availability of newer molecular biomarkers, including tau PET, CSF markers of 33 
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tau phosphorylated at position 217, synaptic integrity (e.g., SNAP-25; neurogranin) and 1 

axonal damage (e.g., neurofilament light), and plasma assays for Aβ42, Aβ40, p-tau isoforms, 2 

and other markers.  Finally, the small sample sizes for carriers of APP and PSEN2 mutations 3 

limit the interpretation of possible gene- and mutation-specific effects on biomarkers and 4 

preclude a gene-specific comparison with LOAD on the biomarkers before and after 5 

symptomatic onset.  6 

Although as yet unknown mechanisms may precede Aβ dysregulation, current data indicate 7 

that the initial pathophysiological event for both ADAD and LOAD is the disruption of Aβ 8 

homeostasis that produces in each a cascade of subsequent pathological events, including 9 

tauopathy and neurodegeneration, and ultimately results in the clinical expression of AD.  10 

The unique dataset described in this report features by far the largest sample of ADAD MCs 11 

to undergo comprehensive baseline and longitudinal multimodal molecular biomarker 12 

studies. The comparison with LOAD was facilitated by the rigorous reprocessing of imaging 13 

data and CSF samples on uniform pipelines and platforms.  The rates of change of molecular 14 

biomarkers for amyloid accumulation and tauopathy show no significant differences between 15 

ADAD and LOAD except that there may be greater amyloid accumulation as measured by 16 

CL in ADAD compared with LOAD after symptomatic onset. Thus, ADAD and LOAD have 17 

a similar pathophysiology as described by rates of changes for these molecular biomarkers of 18 

AD. Although ADAD has a more aggressive course after symptomatic onset than LOAD, as 19 

reflected by increased rates of change for cognitive decline and hippocampal volume loss, 20 

this faster rate of decline may permit earlier detection of any therapeutic effect in clinical 21 

trials with ADAD MCs.  Our findings cannot assure that results from clinical trials of 22 

investigational anti-Alzheimer drugs in the DIAN cohort can be extrapolated to LOAD, but 23 

they provide pathobiological support that such extrapolation is possible. 24 
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Figure legends 1 

Figure 1 Individual performance (spaghetti plots) and group mean rates of change 2 

(solid lines) over time for cognitive composite and clinical evaluation. (A) Panel A shows 3 

the cognitive composite and (B) Panel B shows the CDR-SB. Data from DIAN participants 4 

are displayed in red and data from ADNI participants are shown in black. In all figures, 0 5 

represents the time of symptom onset. 6 

Figure 2 Individual performance (spaghetti plots) and group mean rates of change 7 

(solid lines) over time for hippocampal volume and precuneus thickness. Panel A shows 8 

hippocampal volume in mm
3
 and Panel B shows precuneus thickness in mm. In all figures, 0 9 

represents the time of symptom onset. 10 

Figure 3 Individual performance (spaghetti plots) and group mean rates of change 11 

(solid lines) over time for amyloid imaging and CSF amyloid ratio. Panel A shows 12 

cerebral amyloid accumulation in CL and Panel B shows the CSF Aβ42/40 ratio in pg/mL 13 

(Panel B). In all figures, 0 represents the time of symptom onset. 14 

Figure 4  Individual performance (spaghetti plots) and group mean rates of change 15 

(solid lines) over time for CSF tau.  Panel A shows concentrations of CSF tau in pg/mL and 16 

Panel B shows p-tau181 in pg/mL. In all figures, 0 represents the time of symptom onset. 17 
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Table 1 Tests and variables used in analyses 1 
Domain Test/Measure 

Clinical   

 CDR-SB 

 Baseline depression and history of hypertension and diabetes (Type 1 and Type 2) 

Cognitivea 

 Animal Fluency 

 Boston Naming (30 odd items) 

 Wechsler Adult Information Scale-Revised Digits Forward 

 Wechsler Adult Information Scale-Revised Digits Backward 

 Wechsler Memory Scale-Revised-R Logical Memory – Immediate 

 Wechsler Memory Scale-Revised Logical Memory – Delayed 

 MMSE 

 Trailmaking A 

 Trailmaking B 

 Wechsler Adult Information Scale-Revised Digit Symbol 

 Global Composite (all cognitive tests above) 

CSF  

 Aβ42/40 

 tau 

 p-tau181 

Imaging  

 MRI Hippocampal Volume 

 MRI Precuneus Thickness 

 PET Amyloid Burden (PIB and florbetapir) expressed in CL 

 2 
aPrimary references for each cognitive measure are cited in Weintraub, 2009.27 3 

 4 

 5 

 6 

 7 

Table 2 Group characteristics at baseline 8 
 ADNI Participants 

N = 559 

DIAN Mutation Carriers 

N = 292 

  

 CDR = 0 

N = 72 
(13%) 

CDR>0 

N = 487 
(87%) 

CDR = 0 

N = 185 
(63%) 

CDR>0 

N = 107 
(37%) 

DIAN vs ADNI 

CDR = 0 
p-value 

DIAN vs ADNI 

CDR>0 
p-value 

Age, Years, Mean (SD) 75.2 (5.6) 73.6 (7.6) 33.5 (8.8) 46.0 (10.0) <0.0001 <0.0001 

Gender (% Female) 51.4 39.4 57.3 51.4 0.3890 0.0233 

Race (% Non-Hispanic White or 
White) 

93.1 95.5 87.6 92.5 0.2115 0.2108 

Education, Years, Mean (SD) 16.1 (2.8) 15.9 (2.8) 14.8 (2.9) 13.4 (3.1) 0.0006 <0.0001 

MMSE, Mean (SD) 29.1 (1.0) 26.1 (2.8) 29.1 (1.2) 22.5 (6.9) 0.9730 <0.0001 

APOE ɛ4       

1 ε4 allele 22 (30.6%) 215 (44.2%) 52 (28.1%) 28 (26.2%) 0.7124 0.0004 

2 ε4 alleles 1 (1.4%) 75 (15.4%) 2 (1.1%) 6 (5.6%) 0.9395 0.0017 

Clinical f/u, Years, Mean (SD) 5.8 (3.2) 3.5 (2.5) 3.4 (1.5) 2.5 (1.5) <0.0001 0.0011 

 9 
 10 
  11 
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Table 3 Within-group comparisons of rates of change in ADNI participants (n = 559) and in DIAN mutation carriers (n = 1 
292) 2 
 ADNI Slopes DIAN MC Slopes 

 Before Onset After Onset Difference Before Onset After Onset Difference 

CDR-SB 0.125 (0.024) 
[p < 0.0001, t = 

5.29] 

0.713 (0.022) 
[p < 0.0001, t = 

32.00] 

−0.5873 {−0.6587 

to −0.5159} 
[p < 0.0001, t = 

−16.13] 

0.005 (0.009) 
[p = 0.5570, t = 

0.59] 

1.124 (0.053) 
[p < 0.0001, t = 

21.04] 

−1.1189 {−1.2324 

to −1.0055} 
[p < 0.0001, t = 

−19.36] 

Cognitive 
composite 

−0.001 (0.006) 

[p = 0.8000, t = 
−0.25] 

−0.170 (0.008) 

[p < 0.0001, t = 
−21.70] 

0.1685 {0.1485 to 
0.1885} 

[p < 0.0001, t = 

16.60] 

−0.010 (0.004) 

[p = 0.0060, t = 
−2.78] 

−0.304 (0.018) 

[p < 0.0001, t = 
−17.18] 

0.2935 {0.2549 to 
0.3321} 

[p < 0.0001, t = 

14.92] 

Hippocampal 

volume 
(mm3) 

−111.960 

(17.007) 
[p < 0.0001, t = 

−6.58] 

−218.370 

(11.286) 
[p < 0.0001, t = 

−19.35] 

106.41 {64.36 to 

148.47} 
[p < 0.0001, t = 

4.97] 

−20.077 (5.820) 

[p = 0.0007, t = 
−3.45] 

−317.180 

(21.801) 
[p < 0.0001, t = 

−14.55] 

297.10 {249.78 to 

344.43} 
[p < 0.0001, t = 

12.34] 

Precuneus 
thickness 
(mm) 

−0.005 (0.007) 

[p = 0.4638, t = 
−0.79] 

−0.036 (0.004) 

[p < 0.0001, t = 
−8.55] 

0.03010 {0.01308 
to 0.04713} 

[p = 0.0005, t = 

3.47] 

−0.014 (0.002) 

[p < 0.0001, t = 
−7.46] 

−0.112 (0.008) 

[p < 0.0001, t = 
−14.59] 

0.09817 {0.08152 to 
0.1148} 

[p < 0.0001, t = 

11.59] 

Amyloid PET 

(mean CL) 

1.343 (0.810) 

[p = 0.0980, t = 
1.66] 

2.406 (0.355) 

[p < 0.0001, t = 
6.77] 

−1.0634 {−2.8856 

to 0.7588} 
[p = 0.2522, t = 

−1.15] 

1.924 (0.133) 

[p < 0.0001, t = 
14.42] 

4.169 (0.675) 

[p < 0.0001, t = 
6.17] 

−2.2449 {−3.6862 

to −0.8036} 

[p = 0.0024, t = 
−3.07] 

CSF Aβ42/40 

(pg/mL for 
both CSF 

Aβ42 and CSF 

Aβ40) 

−0.001 (0.0004) 

[p = 0.0170, t = 

−2.41] 

−0.0005 

(0.0001) 
[p = 0.0016, t = 

−3.24] 

−0.0006 {−0.00158 

to 0.000382} 

[p = 0.2309, t = 
−1.20] 

−0.003 (0.0002) 

[p < 0.0001, t = 

−12.69] 

0.0004 (0.0002) 

[p = 0.0899, t = 
1.71] 

−0.00297 {−0.00366 

to −0.00229} 

[p < .0001, t = 
−8.55] 

CSF tau 

(pg/mL) 

9.086 (2.701) 

[p = 0.0009, t = 
3.36] 

7.395 (2.000) 

[p = 0.0003, t = 
3.70] 

1.6916 {−5.3726 to 

8.7558} 

[p = 0.6381, t = 
0.47] 

6.543 (0.662) 

[p < 0.0001, t = 
9.88] 

8.952 (3.157) 

[p = 0.0050, t = 
2.84] 

−2.4092 {−9.1078 

to 4.2894} 

[p = 0.4794, t = 
−0.71] 

CSF p-tau181 
(pg/mL) 

1.062 (0.373) 
[p = 0.0049, t = 

2.85] 

0.599 (0.268) 
[p = 0.0265, t = 

2.24] 

0.4630 {−0.5207 to 

1.4466} 
[p = 0.3554, t = 

0.9] 

0.937 (0.085) 
[p < 0.0001, t = 

11.00] 

0.966 (0.407) 
[p = 0.0184, t = 

2.38] 

−0.02836 {−0.9053 

to 0.8486} 
[p = 0.9493, t = 

−0.06] 

 3 
Values in parentheses represent the standard error of the estimates. Values in brackets represent the p-value and t-statistic, where 4 
degrees of freedom were estimated with the Satterthwaite method for testing whether the group-specific rates of change are equal to 0 5 
with a two-sided t-test. The range in braces is the 95% confidence interval for the difference in slopes before and after symptom onset 6 
within cohort. Unadjusted analyses used unstructured covariance matrix among random effects, except CSF Aβ42/40 and CDR-SB which 7 
used variance components. 8 
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Table 4 Between-group comparisons of rates of change between ADNI participants (n = 559) and DIAN mutation 1 
carriers (n = 292) 2 
 Slope Before Onset Slope After Onset 

 ADNI DIAN MC Difference ADNI DIAN MC Difference 

CDR-SB 0.125 (0.024) 
[p < 0.0001, t = 

5.29] 

0.005 (0.009) 
[p = 0.5570, t = 

0.59] 

0.1203 {0.07057 
to 0.1700} 

 [p < 0.0001, t = 

4.75] 

0.713 (0.022) 
[p < 0.0001, t = 

32.00] 

1.124 (0.053) 
[p < 0.0001, t = 

21.04] 

−0.4114 

{−0.5250 to 
−0.2977}  

[p < 0.0001, t = 

−7.11] 

Cognitive 
composite 

−0.001 (0.006) 

[p = 0.8000, t = 
−0.25] 

−0.010 (0.004) 

[p = 0.0060, t = 
−2.78] 

0.008659 
{−0.00454 to 

0.02185} [p = 
0.1971, t = 1.29] 

−0.170 (0.008) 

[p < 0.0001, t = 
−21.70] 

−0.304 (0.018) 

[p < 0.0001, t = 
−17.18] 

0.1337 {0.09574 
to 0.1716}  

[p < 0.0001, t = 

6.92] 

Hippocampal 
volume (mm3) 

−111.960 

(17.007) 
[p < 0.0001, t = 

−6.58] 

−20.077 (5.820) 

[p = 0.0007, t = 
−3.45] 

−91.8785 

{−127.20 to 
−56.5541}  

[p < 0.0001, t = 

−5.11] 

−218.370 

(11.286) 
[p < 0.0001, t = 

−19.35] 

−317.180 

(21.801)  
[p < 0.0001, t = 

−14.55] 

98.8084 
{50.5416 to 

147.08}  

[p < 0.0001, t = 
4.02] 

Precuneus 
thickness (mm) 

−0.005 (0.007) 

[p = 0.4638, t = 
−0.79] 

−0.014 (0.002) 

[p < 0.0001, t = 
−7.46] 

0.008310 
{−0.00582 to 

0.02244}  

[p = 0.2485, t = 

1.16] 

−0.036 (0.004) 

[p < 0.0001, t = 
−8.55] 

−0.112 (0.008) 

[p < 0.0001, t = 
−14.59] 

0.07638 
{0.05921 to 

0.09355}  

[p < 0.0001, t = 
8.75] 

Amyloid PET 
(mean CL) 

1.343 (0.810) 
[p = 0.0980, t = 

1.66] 

1.924 (0.133) 
[p < 0.0001, t = 

14.42] 

−0.5809 {−2.1937 

to 1.0319} 
[p = 0.4794, t = 

−0.71] 

2.406 (0.355) 
[p < 0.0001, t = 

6.77] 

4.169 (0.675) 
[p < 0.0001, t = 

6.17] 

−1.7624 

{−3.2690 to 

−0.2558}  

[p = 0.0221, t = 
−2.31] 

CSF Aβ42/40 

(pg/mL for both 

CSF Aβ42 and 

CSF Aβ40) 

−0.001 (0.0004) 

[p = 0.0170, t = 
−2.41] 

−0.003 (0.0002) 

[p < 0.0001, t = 
−12.69] 

0.00146 
{0.000487 to 

0.002432}  
[p = 0.0034, t = 

2.96] 

−0.0005 

(0.0001) 
[p = 0.0016, t = 

−3.24] 

0.0004 (0.0002) 
[p = 0.0899, t = 

1.71] 

−0.00091 

{−0.00149 to 

−0.00034}  

[p = 0.0022, t = 
−3.14] 

CSF tau (pg/mL) 9.086 (2.701) 

[p = 0.0009, t = 
3.36] 

6.543 (0.662) 

[p < 0.0001, t = 
9.88] 

2.5435 {−2.9352 

to 8.0222}  
[p = 0.3613, t = 

0.91] 

7.395 (2.000) 

[p = 0.0003, t = 
3.70] 

8.952 (3.157) 

[p = 0.0050, t = 
2.84] 

−1.5573 

{−8.9195 to 

5.8049} 
 [p = 0.6771, t = 

−0.42] 

CSF p-tau181 
(pg/mL) 

1.062 (0.373) 
[p = 0.0049, t = 

2.85] 

0.937 (0.085) 
[p < 0.0001, t = 

11.00] 

0.1251 {−0.6292 

to 0.8794} 
[p = 0.7442, t = 

0.33] 

0.599 (0.268) 
[p = 0.0265, t = 

2.24] 

0.966 (0.407) 
[p = 0.0184, t = 

2.38] 

−0.3663 

{−1.3260 to 
0.5935} 

 [p = 0.4526, t = 
−0.75] 

 3 
Values in parentheses represent the standard error of the estimates. Values in brackets represent the p-value and t-statistic, where 4 
degrees of freedom were estimated with the Satterthwaite Method for testing whether the group-specific rates of change are equal to 0 5 
with a two-sided t-test. The range in braces is the 95% confidence interval for the difference in slopes between the two cohorts. 6 
Unadjusted analyses used unstructured covariance matrix among random effects, except CSF Aβ42/40 and CDR-SB which used variance 7 
components. 8 
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Figure 1 2 
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Figure 2 8 
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Figure 3 2 
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Figure 4 9 
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