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Summary
Background Models of Alzheimer’s disease propose a sequence of amyloid β (Aβ) accumulation, hypometabolism, 
and structural decline that precedes the onset of clinical dementia. These pathological features evolve both temporally 
and spatially in the brain. In this study, we aimed to characterise where in the brain and when in the course of the 
disease neuroimaging biomarkers become abnormal.

Methods Between Jan 1, 2009, and Dec 31, 2015, we analysed data from mutation non-carriers, asymptomatic carriers, 
and symptomatic carriers from families carrying gene mutations in presenilin 1 (PSEN1), presenilin 2 (PSEN2), or 
amyloid precursor protein (APP) enrolled in the Dominantly Inherited Alzheimer’s Network. We analysed 
¹¹C-Pittsburgh Compound B (¹¹C-PiB) PET, ¹⁸F-Fluorodeoxyglucose (¹⁸F-FDG) PET, and structural MRI data using 
regions of interest to assess change throughout the brain. We estimated rates of biomarker change as a function of 
estimated years to symptom onset at baseline using linear mixed-effects models and determined the earliest point at 
which biomarker trajectories differed between mutation carriers and non-carriers. This study is registered at 
ClinicalTrials.gov (number NCT00869817).

Findings ¹¹C-PiB PET was available for 346 individuals (162 with longitudinal imaging), ¹⁸F-FDG PET was available 
for 352 individuals (175 with longitudinal imaging), and MRI data were available for 377 individuals (201 with 
longitudinal imaging). We found a sequence to pathological changes, with rates of Aβ deposition in mutation carriers 
being significantly different from those in non-carriers first (across regions that showed a significant difference, at a 
mean of 18·9 years [SD 3·3] before expected onset), followed by hypometabolism (14·1 years [5·1] before expected 
onset), and lastly structural decline (4·7 years [4·2] before expected onset). This biomarker ordering was preserved in 
most, but not all, regions. The temporal emergence within a biomarker varied across the brain, with the precuneus 
being the first cortical region for each method to show divergence between groups (22·2 years before expected onset 
for Aβ accumulation, 18·8 years before expected onset for hypometabolism, and 13·0 years before expected onset for 
cortical thinning).

Interpretation Mutation carriers had elevations in Aβ deposition, reduced glucose metabolism, and cortical thinning 
compared with non-carriers which preceded the expected onset of dementia. Accrual of these pathologies varied 
throughout the brain, suggesting differential regional and temporal vulnerabilities to Aβ, metabolic decline, and 
structural atrophy, which should be taken into account when using biomarkers in a clinical setting as well as designing 
and evaluating clinical trials.

Funding US National Institutes of Health, the German Center for Neurodegenerative Diseases, and the Medical 
Research Council Dementias Platform UK.

Introduction
Alzheimer’s disease presents as a progressive loss of 
cognitive function, leading to severe impairment and 
loss of independence. Alzheimer’s disease’s long 
preclinical phase has bolstered efforts to identify in-vivo 
bio markers to aid disease diagnosis and prognosis.1 
Models of Alzheimer’s disease pathophysiology theorise 
a temporal sequence in which disruptions in 
amyloid β (Aβ) production, clearance, or both initiates a 
biological cascade that leads to Aβ plaque formation that 

spreads throughout the cortex, followed by tauopathy, 
neuronal dysfunction, neuronal death, and ultimately 
dementia.2,3

PET and MRI can be used to assess both the amount 
and location of Aβ plaques, tauopathy (eg, tau-containing 
neurofibrillary tangles and neuropil), altered glucose 
metabolism, and structural decline. The temporal 
sequence of these biomarkers provides information 
about the pathogenesis of Alzheimer’s disease. 
Determining the order of changes in sporadic 
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Alzheimer’s disease is problematic because it is difficult 
to predict an individual’s relative position in the disease. 
Autosomal dominant Alzheimer’s disease is well suited 
to study biomarker trajectories owing to the virtually 
complete penetrance of the mutations and consistency 
of symptom onset within families.4,5 The conserved 
onset age within families and mutation types allows 
individuals to be staged relative to their expected onset 
of symptoms.

Research on autosomal dominant Alzheimer’s disease 
has revealed a temporal ordering of biomarkers consistent 
with theoretical models,6–8 and indicates that pathology 
progressively appears in new regions of the brain as the 
disease worsens.7 These findings have primarily relied on 
cross-sectional analyses, with few longitudinal studies 
done, and mainly using small cohorts.7,9–16 Longitudinal 
analyses can provide a better estimate of the true 
pathological trajectories.17,18 This is crucial because 
interventional trials such as the Dominantly Inherited 
Alzheimer Network (DIAN) Trials Unit,19 the Alzheimer’s 
Prevention Initiative (API),20 and the Anti-Amyloid 

Treatment in Asymptomatic Alzheimer’s Study (A4)21 
will all evaluate alterations in longitudinal biomarker 
trajectories.

The DIAN observational study4 has established a large 
cohort of families with autosomal dominant Alzheimer’s 
disease and longitudinal Aβ, metabolic, and structural 
neuroimaging assessments of family members. Our 
current work compares rates of biomarker change in a 
large population of mutation carriers and non-carriers 
throughout the entire brain. In this way we can visualise 
when pathology biomarkers first emerge and how they 
spread throughout the course of the disease.

Methods
Study design and participants
Individuals from families known to have mutations in 
the presenilin 1 (PSEN1), presenilin 2 (PSEN2), and 
amyloid precursor protein (APP) genes were recruited 
from 14 sites participating in the DIAN observational 
study in the USA, UK, Germany, and Australia. All 
participants with genetic, clinical, and neuroimaging 
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Research in context

Evidence before this study
We reviewed previous work on longitudinal neuroimaging 
markers of Alzheimer’s disease pathology with a focus on 
autosomal dominant Alzheimer’s disease. We searched PubMed 
and Google Scholar for all articles published from database 
inception to Oct 31, 2017, with no language restrictions, for the 
keywords “Alzheimer’s”, “Alzheimer”, “longitudinal”, “positron 
emission tomography”, “PET”, “MRI”, “atrophy”, “FDG”, 
“hypometabolism”, “familial”, and “autosomal”. Theories 
proposed initially in 2010 by Jack and colleagues and revised 
in 2013 posited temporal trajectories of Alzheimer’s disease 
biomarkers relative to each other and clinical decline. Work by 
Bateman and colleagues in 2012, Benzinger and colleagues 
in 2013, and Fleisher and colleagues in 2015 depict such 
temporal ordering of biomarkers in autosomal dominant 
Alzheimer’s disease populations derived from cross-sectional 
analyses. There was also a small subset of longitudinal studies, 
but these had one or more limitations such as small 
populations (n<50), examination of only one biomarker, not 
accounting for regional differences or correlations in the brain, 
or a short duration of longitudinal follow up.

Added value of this study
To our knowledge, our study presents the first known work 
examining both the longitudinal temporal trajectories and the 
spatial patterns of Alzheimer’s disease pathology in autosomal 
dominant Alzheimer’s disease cohorts using neuroimaging. 
This work also presents the largest known cohort to date of 
individuals with autosomal dominant Alzheimer’s disease 
studied longitudinally with multiple neuroimaging biomarkers. 
Longitudinal analyses can provide a more accurate and 
powerful way to model the temporal emergence of pathology 
in autosomal dominant Alzheimer’s disease. We find that 

mutation carriers first display amyloid β accumulation, 
followed by hypometabolism, and finally structural atrophy; 
this is consistent with theoretical models and cross-sectional 
estimates from autosomal dominant Alzheimer’s disease. Most 
importantly we consider such temporal relationships not in one 
singular summary measure, but characterise these trajectories 
throughout the brain. We found that the accrual of pathology 
varied throughout the brain and by method in terms of the 
time of initial emergence and the rates of longitudinal change. 
These findings suggest region-specific vulnerabilities to 
β-amyloidosis, metabolic decline, and atrophy that change over 
the course of the disease.

Implications of all the available evidence
Our results build upon existing evidence characterising 
biomarkers in clinical and preclinical Alzheimer’s disease. Our 
findings suggest that imaging biomarkers follow a sequential 
pattern, with β-amyloidosis, hypometabolism, and structural 
atrophy emerging more than 20, 15, and 10 years, respectively, 
before the expected onset of dementia. Although there is a 
general hierarchical pattern, there was considerable regional 
heterogeneity. The most common deviation from the pattern 
of β-amyloidosis, followed by hypometabolism, followed by 
structural atrophy was that regions showed an increase in 
β-amyloidosis and structural atrophy but no evidence of 
metabolic decline. Furthermore, rather than being 
homogeneous, the same biomarker often shows different 
longitudinal trajectories across brain regions. Characterising the 
temporal and regional dynamics of biomarkers in Alzheimer’s 
disease provides insight into disease pathophysiology. This 
information is crucial to decide how to best use neuroimaging 
biomarkers in clinical trials for participant selection as well as 
for outcomes measures.

http://www.dian-info.org
http://www.dian-info.org
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data that passed quality control from the 10th semiannual 
data freeze were included in the analyses. The 
institutional review board at Washington University 
(St Louis, MO, USA) provided supervisory review and 
human studies approval. Participants or their caregivers 
provided written informed consent in accordance with 
their local institutional review board. Clinical and 
imaging visits in DIAN are performed every 3 years for 
asymptomatic individuals until they are within 3 years of 
their parental age of dementia onset. Assessments 
become annual once an individual is within 3 years of 
parental age at onset or if an individual becomes 
symptomatic. Analyses excluded families with the Dutch 
and Flemish mutations in APP, because these mutations 
often present with predominant cerebral amyloid 
angiopathy and diffuse Aβ plaques (appendix).

Procedures
Dementia status was assessed using the Clinical 
Dementia Rating.22 For each visit, a participant’s 
estimated years from expected symptom onset was 
calculated on the basis of the participant’s current age 
relative to either the family mutation-specific expected 
age at dementia onset5 or parental age at first progressive 
cognitive decline if expected age at onset for the mutation 
was unknown. A mutation-specific expected age of 
dementia onset is calculated by integrating the age of 
onset reported in the literature across individuals with 
the same specific mutation.5 Expected symptom onset 
was established identically for both carriers and 
non-carriers. The presence or absence of an autosomal 
dominant Alzheimer’s disease mutation was determined 
using PCR-based amplification of the appropriate exon 
followed by Sanger sequencing.6 Clinical evaluators were 
masked to mutation status of participants.

MRI was done using the Alzheimer’s Disease 
Neuroimaging Initiative (ADNI) protocol.23 Sites used 
a 3T scanner and were required to pass regular 
quality control assessments. T1-weighted images 
(1·1 × 1·1 × 1·2 mm voxels) were acquired for all partici-
pants. The ADNI Imaging Core screened images for 
protocol compliance and artifacts. Volumetric segment-
ation and cortical surface reconstruction was done using 
FreeSurfer 5.3,24,25 which automatically defines subcortical 
and cortical regions of interest (ROIs). Segmentations 
were inspected by members of the DIAN Imaging Core 
and edited as needed. Subcortical volumes were corrected 
for intracranial volume using a regression approach. 
Cortical thickness and volume measures were averaged 
across hemispheres. The cortical and subcortical labels 
identified on the MRI were used for the regional 
processing of all PET data. For all analyses, we examined 
34 cortical ROIs and seven subcortical ROIs. A full list of 
regions is available in the appendix.

Aβ imaging was done using a bolus injection of 
¹¹C-Pittsburgh Compound B (¹¹C-PiB). Acquisition 
consisted of a 70-min scan starting at injection or a 

30-min scan beginning 40 min after injection. Data in 
the common 40–70 min timeframe was converted to 
regional standardised uptake value ratios (SUVRs) 
relative to the cerebellar grey matter using FreeSurfer-
derived ROIs26 (PET Unified Pipeline). Metabolic 
imaging was done with ¹⁸F-Fluorodeo xyglucose 
(¹⁸F-FDG) with a 30 min dynamic acquisition beginning 
30 min after injection. Data from the last 20 min of each 
¹⁸F-FDG scan were converted to SUVRs relative to 
cerebellar grey matter. Both types of PET data were 
partial volume corrected using a regional spread function 
technique.27,28

Because we did not have a priori laterality predictions, 
data were averaged across hemispheres before being 
entered into statistical analyses. Differences in spatial 
resolution across PET scanners were accounted for by 
applying scanner-specific spatial filters to achieve a 
common resolution (8 mm).29 The ADNI PET Core 
verified that PET images were acquired using the 
established protocol and free of substantial artifacts.

Statistical analysis
We used multivariate linear mixed-effects models to 
describe the evolution of Alzheimer’s disease biomarkers. 
Linear mixed-effects models have many benefits, 
including providing a flexible approach to deal with an 
unequal number of measurement points or intervals. 
Although neuroimaging analyses traditionally use 
univariate models, the field has begun using multivariate 
models that account for correlations between regional or 
voxelwise measurements.30–32 Multivariate linear mixed-
effects models can increase statistical power and 
reliability compared with univariate methods.30,31 We 
implemented a Bayesian multivariate linear mixed-
effects model to compare longitudinal biomarker 
changes directly across brain regions. Cortical and 
subcortical measurements were analysed separately for 
each method (¹¹C-PiB, ¹⁸F-FDG, and MRI), resulting in a 
total of six independent models.

The full Bayesian linear mixed-effects model is 
described in the appendix. Each region included fixed 
effects for mutation status, time from baseline, baseline 
estimated years from symptom onset, and all possible 
two-way and three-way interactions. Estimated years 
from expected symptom onset was modelled as a 
restricted cubic spline with knots at the 0·10, 0·50, and 
0·90 quantiles. We chose restricted cubic splines to 
model estimated years from expected symptom onset 
because they represent a flexible approach for 
accounting for non-linearities in the data without 
forcing any particular curve shape. Splines have also 
been used extensively in the literature to model 
longitudinal changes in Alzheimer’s disease 
biomarkers.33,34 For every region we included random 
intercepts and slopes at the participant-level, as well as 
random intercepts for family affiliation. At the 
participant-level, covariance matrices were constructed 
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so that intercepts and the slopes were allowed to 
correlate across all regions in a model.

To fit each model we used Stan,35,36 an open source 
package for Hamilton Markov chain Monte Carlo 
analyses. A parameter, or combination of parameters, 
was considered statistically significant if the 
99% equal-tailed credible intervals of the posterior 
distribution did not overlap zero. Analyses were run 
separately for each method (MRI, ¹¹C-PiB, and ¹⁸F-FDG). 
Within each method, one model simultaneously fit 
34 cortical ROIs and a second model simultaneously fit 
seven subcortical ROIs derived from FreeSurfer. Each 
regional comparison within a model is simply a different 
slice of the same multidimensional posterior distribution. 
The current analyses focus on the interaction between 
mutation status and the longitudinal rate of change. 
Including multiple regions within one model also allows 
for the direct comparison of rates of changes between 
regions (appendix). Data from the DIAN project can be 
requested freely by researchers.

Role of the funding source
The study sponsors had no role in the study design, data 
collection, data analysis, data interpretation, writing of 
the report, or the decision to submit the manuscript for 
publication. All authors had full access to the data in the 
study and the corresponding author had final 
responsibility for the decision to submit for publication.

Results
Participants were recruited between Jan 1, 2009, and 
Dec 31, 2015 (table 1). The analyses included 346 
individuals with ¹¹C-PIB PET Aβ data, 352 with ¹⁸F-FDG 
PET metabolism data, and 377 with MRI volumetric data 

(table 2). Participants with longitudinal data had a mean
of 2·4 visits (SD 0·8) and 2·7 years (SD 1·1) of data. 
Figure 1 shows example linear mixed-effects model fits 
for one region, the precuneus, which was the first region 
to show a difference between mutation carriers and non-
carriers for each imaging method. Figures depicting the 
model results for every ROI are accessible via a link in 
the appendix. To avoid inadvertently revealing 
participants’ mutation status at the edges of our sample 
for which there are only a few individuals, figures are 
displayed with baseline estimated years to symptom 
onset of –29 years to +10 years.

The rate of Aβ accumulation was significantly higher in 
mutation carriers relative to non-carriers starting more 
than two decades before the expected age of dementia 
onset (–22·2 years; figure 1). Because glucose use 
represents a natural biological property it contains both 
maturational and disease-related trajectories. In both 
groups, the precuneus ¹⁸F-FDG trajectories were initially 
positive, slowed and showed little annual change, and then 
became negative. This negative directional acceleration 
began earlier and was larger in participants with mutations, 
with the rate of change in metabolism diverging from 
those without mutations an estimated 18·8 years before 
expected symptom onset. Finally, precuneus cortical 
thinning significantly differed in mutation carriers relative 
to those without mutations at 13·0 years before estimated 
expected symptom onset. The appendix contains a link to 
an application for viewing results for every ROI. Overall, in 
regions with a significant difference relative to individuals 
without mutations, rates of Aβ deposition were 
significantly higher in those with mutations at a mean of
18·9 years (SD 3·3) before expected symptom onset, 
metabolism began to differ between carriers and non-
carriers at a mean of 14·1 years (SD 5·1) before expected 
symptom onset, and MRI structural measures differed 
between carriers and controls (declined) at a mean of
4·7 years (SD 4·2) before expected symptom onset.

Figure 2 depicts the first point in the disease relative to 
the estimated expected age at symptom onset at which 
rates of biomarker change in that cortical region are 
significantly different between mutation carriers and non-
carriers. The differences across regions and methods 
reflect the temporal and spatial evolution of pathology 

Non-carriers 
(n=148)

Asymptomatic 
carriers (n=141)

Symptomatic 
carriers (n=88)

Women 85 (57%) 78 (55%) 49 (56%)

Men 63 (43%) 63 (45%) 39 (44%)

Age (years) 39·5 (11·4) 34·6 (9·2) 45·7 (9·9)

MMSE 29·0 (2·7) 28·8 (2·7) 23·9 (10·2)

CDR-SOB 0·0 (0·2) 0·0 (0·1) 3·6 (3·5)

EYO (years) –8·9 (11·4) –13·7 (9·2) 0·5 (7·1)

PSEN1 122 (82%) 117 (83%) 76 (86%)

PSEN2 17 (11%) 16 (11%) 6 (7%)

APP 9 (6%) 8 (6%) 6 (7%)

Number with 
follow-up

70 (47%) 73 (52%) 58 (66%)

Number of visits* 2·3 (0·8) 2·3 (0·8) 2·8 (1·2)

Follow-up 
(years)*

3·0 (1·7) 3·0 (1·6) 2·0 (1·3)

Data are n (%) or mean (SD). *Summary values are only for those individuals with 
longitudinal data. EYO=estimated years to onset. MMSE=Mini-Mental State 
Examination. CDR-SOB=clinical dementia rating scale sum of boxes. 
PSEN1=presenilin 1. PSEN2=presenilin 2. APP=amyloid precursor protein.

Table 1: Study demographics at baseline and duration of follow-up

¹¹C-PIB PET ¹⁸F-FDG PET MRI

One visit 184 177 176

Two visits 124 131 145

Three visits 23 27 35

Four visits 10 11 11

Five visits 4 5 8

Six visits 1 1 2

Total participants 346 352 377

¹¹C-PIB=¹¹C-Pittsburgh Compound B. FDG=¹⁸F-Fluorodeoxyglucose.

Table 2: Summary of imaging data

For Stan see http://mc-stan.org/

For data from the DIAN project 
see https://dian.wustl.edu/our-
research/observational-study/

dian-observational-study-
investigator-resources/

http://mc-stan.org/
https://dian.wustl.edu/our-research/observational-study/dian-observational-study-investigator-resources/
http://mc-stan.org/
https://dian.wustl.edu/our-research/observational-study/dian-observational-study-investigator-resources/
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over the course of the disease. Rates of biomarker change 
in regions that are grey were not significantly different 
between groups. This information is presented in 
numerical form in the appendix. Many regions follow 
trajectories similar to the precuneus; however, the 
emergence of pathology varied throughout the brain. 
Furthermore, there were regional differences by method; 
for example, relative to non-carriers the superior temporal 
lobe did not show a metabolic loss in mutation carriers, 
but had atrophy changes at 5·6 years before expected 
symptom onset. Figure 3 depicts rates of change in 

mutation carriers for three cortical and three subcortical 
regions that exemplify common patterns.

For ¹¹C-PiB PET, 32 of 34 cortical regions showed 
significantly greater longitudinal rates of accumulation 
in mutation carriers relative to non-carriers. The first 
point of divergence between groups varied across regions 
(22·2 years before expected symptom onset to 2·5 years 
before), with the precuneus, posterior cingulate gyrus, 
and medial orbital frontal cortex regions showing the 
earliest changes (around 21 years before expected 
symptom onset). Of the 32 regions with significant 

Figure 1: Modelling longitudinal change in the precuneus
The left-hand panels depict the model estimates of longitudinal biomarkers. The middle panels depict the estimated rate of change across the course of the disease for mutation carriers and 
non-carriers. Individual random-effect slope estimates are plotted as coloured dots. The right-hand panels depict the difference in rate of biomarker change between mutation carriers and non-carriers 
across the course of the disease. For both the middle and right-hand panels the shaded areas represent 99% credible intervals around the model estimates. The credible intervals are drawn from the 
actual distributions of model fits derived by the Hamilton Markov chain Monte Carlo analyses. Any point in these difference curves where the shaded area is not touching the zero axis is a point in the 
disease progression (as measured by estimated years to onset) where the biomarker accumulation rate is different between groups. The first estimated years to onset point that was significantly 
different between groups was considered the initial divergence between groups. Figures depicting the model results for every region of interest are available via a link in the appendix. To avoid 
inadvertently revealing mutation status, figures are displayed with baseline estimated years to onset –29 to +10. ¹¹C-PIB=¹¹C-Pittsburgh Compound B. ¹⁸F-FDG=¹⁸F-Fluorodeoxyglucose. 
SUVR=standardised uptake value ratios. MC–NC=mutation carrier–non-carrier.
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differences, these differences occurred more than 
15 years before expected symptom onset in all but the 
cuneus (2·5 years). Of the seven subcortical regions, the 
accumbens (22·2 years before expected symptom onset), 
putamen (17·0 years before), and caudate (16·4 years 
before) showed greater ¹¹C-PiB accumulation rates in 
mutation carriers whereas the amygdala, hippocampus, 
palladium, and thalamus did not differ. Significant 
differences in progressive hypometabolism in mutation 
carriers relative to non-carriers were less pronounced, 
with eight of 34 cortical regions showing significant 
interactions. The effects were apparent 18·8–2·8 years 
before the expected symptom onset, with the earliest 
effects detected in the precuneus, banks of the superior 
temporal sulcus, and caudal middle frontal cortex 
(around 18 years before). No subcortical regions showed 
significant differences in the rate of ¹⁸F-FDG change. For 
MRI, 24 of 34 cortical areas and four of seven subcortical 
areas showed increased rates of atrophy in mutation 
carriers relative to non-carriers with effects appearing 
from 13 years before to 2·3 years after expected symptom 
onset. The precuneus (13·0 years before expected 
symptom onset), banks of the superior temporal sulcus 
(11·5 years before), and inferior parietal cortex (10·6 years 
before) showed the earliest changes.

We also observed regional differences in the rates of 
biomarker change within the mutation carrier group. A 
direct comparison of the rates of biomarker change 
between regions is presented in the appendix. In the 
precuneus there was a rapid increase in Aβ deposition; 
this rate peaked but remained positive even after the 
predicted onset of dementia (figure 3 and figure 4). This 

was the most common pattern across areas. In other 
regions (eg, the insula) initial accelerations in Aβ 
deposition were followed by decelerations, leading to a 
plateau of total Aβ levels. In a subset of regions (eg, the 
inferior temporal cortex) the estimated rate of 
Aβ accumulation accelerates throughout the disease. 
Once declining, glucose metabolism in the precuneus 
showed prominent and worsening rates of hypo-
metabolism before the rates stabilised at 5 years before 
the expected symptom onset; in the inferior temporal 
cortex, the rate of metabolic loss modestly increased 
initially before quickly plateauing (figure 3). Many 
regions had relatively small rates of metabolic decline in 
mutation carriers, even approaching the expected age of 
symptom onset. In regions with structural decline the 
trajectories were fairly consistent, with the rate of atrophy 
accelerating as the disease progressed. However, the 
absolute rate of decline was often different between 
regions. Matrices directly comparing the regional rates of 
change for each biomarker at different timepoints 
(25, 15, and 5 years before, and 5 years after the expected 
age of onset) can be found in the appendix. We created 
voxel-wise movies that depict the rate of change and total 
biomarker levels in mutation carriers (video 1, video 2, 
video 3) and the creation of these movies is detailed in 
the appendix.

Discussion
Alzheimer’s disease is not static but possesses dynamism, 
in terms of which pathological processes appear first and 
how such pathology propagates throughout the brain. 
Because dementia onset is predictable in autosomal 
dominant Alzheimer’s disease, it provides an elegant 
model with which to examine pathological staging. 
Characterisation of the spatial and temporal spread of 
pathology provides insight into the pathophysiology of 
the disease, informs how neuroimaging could aid 
recruitment of participants in clinical trials, and is crucial 
if we are to be able to assess the efficacy of interventions 
on longitudinal biomarker measurements.

The primary goal of the current analysis was to find the 
first biomarker timepoint in the course of the disease at 
which carriers of autosomal dominant Alzheimer’s 
disease mutations showed different rates of pathological 
progression relative to non-carrier family members. This 
timepoint can be interpreted as the moment at which 
longitudinal change in that brain area due to Alzheimer’s 
disease can first be detected with in-vivo neuroimaging. 
The primary analyses using this approach focused on 
regional differences across the brain within a marker (eg, 
precuneus vs parietal ¹¹C-PiB PET) as well as comparing 
spatial differences between biomarkers (eg, ¹¹C-PiB PET 
vs ¹⁸F-FDG PET).

Consistent with previous work7 we found that 
Aβ deposition was the first biomarker to show differences 
between mutation groups. Mutation carriers had greater 
Aβ deposition than did non-carriers more than 20 years 

Figure 2: Emergence of differences in neuroimaging biomarkers
The colour scale represents the first point in the disease relative to estimated years to onset at which rates of 
biomarker change in that cortical region are significantly different between mutation carriers and non-carriers 
(akin to the first point where credible interval are different from zero in figure 1 right panels). There is a temporal 
evolution where increased Aβ deposition precedes hypometabolism that in turn is followed by cortical thinning. 
Information for all methods and regions is presented in numerical form in the appendix. ¹¹C-PIB=¹¹C-Pittsburgh 
Compound B. ¹⁸F-FDG=¹⁸F-Fluorodeoxyglucose.
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before the expected age of symptom onset. Aβ increases 
were near ubiquitous, with most regions accumulating 
pathology more than 14 years before the expected year of 

dementia onset. Measures of metabolism in autosomal 
dominant Alzheimer’s disease represent overlapping 
maturational and disease changes. Both non-carriers and 

Figure 3: Trajectories of biomarker accumulation in mutation carriers
Data are for three cortical and three subcortical regions for ¹¹C-PiB, ¹⁸F-FDG, and structural MRI that highlight different patterns of change seen in different brain regions. ¹¹C-PIB=¹¹C-Pittsburgh 
Compound B. ¹⁸F-FDG=¹⁸F-Fluorodeoxyglucose. SUVR=standardised uptake value ratios.
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mutation-carrying cohorts had inverted U-shaped 
trajectories, with the absolute levels of glucose 
metabolism initially modestly increasing with estimated 
years from expected symptom onset, followed by a 
prolonged decrease. The key difference is that mutation 
carriers showed metabolic reductions earlier and to a 
greater degree than did non-carriers. Although 
cross-sectional values still overlapped between groups 
early in the disease, longitudinal trajectories reveal 
divergence (appendix). The precuneus showed the 
earliest metabolic decrease at 18·8 years before the 
estimated expected age of onset, with significant regions 
on average becoming hypometabolic at a mean of
14·1 years before the estimated expected age of onset. 
Reductions in grey matter thickness and volume were 
the last neuroimaging biomarker to manifest differences 
between mutation carries and non-carriers, which 
occurred over the majority of the brain. Again, the 
precuneus was the earliest region to differ between 
carriers and non-carriers, with declines emerging a 
decade before estimated dementia onset, while overall 
declines were most prolific in the 5 years preceding 
expected dementia onset.

The relationships between the three biomarkers are 
complex. Although all regions with metabolic decreases 
have abnormal Aβ accumulation, many regions with 
abnormal Aβ accumulation rates did not show elevated 
metabolic decline. Although ¹⁸F-FDG hypometabolism 
and structural decline are markers of degeneration, our 
results indicate they can be incongruent. In regions in 
which they both occur, declines in glucose metabolism 
precede atrophy by about 5–10 years. However, there are 
regions that showed β-amyloidosis and structural atrophy 
where significant metabolic decline was not detected (eg, 
the occipital and temporal regions). Portions of the 
medial temporal lobe (eg, the hippocampus) did not 
manifest pathological change in ¹¹C-PiB PET or ¹⁸F-FDG 
PET, but had structural declines. Although there is 
generally a tripartite hierarchy such that β-amyloidosis 
precedes metabolic decline that in turn precedes atrophy, 
these relationships are highly heterogeneous across the 
cortex.

Discordance between imaging biomarkers has been 
noted in sporadic Alzheimer’s disease.37–44 Owing to the 
cross-sectional nature of most of the work, such spatial 
incongruences could be due to temporal lags in the 
emergence of pathologies.42,44 Estimated year of expected 
symptom onset, as a marker of disease time, is perfectly 
suited to detect such temporal evolutions. The current 
work does indeed clearly show that a temporal 
progression is present in some regions (eg, changes are 
first detected by ¹¹C-PiB, then ¹⁸F-FDG PET, and then 
cortical thinning in the precuneus). However, despite the 
long disease window covered by the current study 
population, some regions still show only a subset of 
pathologies. This suggests the incongruences are not 
simply a product of temporal lag, but can represent true 

heterogeneity. Other, unobserved, biomarkers such as 
those that measure tau pathology and inflammation, 
might help explain this heterogeneous relationship.

To our knowledge, the current work presents the largest 
and most comprehensive analysis of neuro imaging data 
in autosomal dominant Alzheimer’s disease to date. Still, 
the majority of longitudinal participants had only a limited 
follow-up (mean 2·4 visits); results at the edges of the 
estimated year of expected symptom onset range, at which 
outliers have disproportional influence, must be 
interpreted with care. Only small numbers of participants 
had PSEN2 or APP mutations. As the DIAN study gains 
more timepoints, longitudinal estimates will be improved 
further and it might be possible to compare the three 
types of mutation. A greater number of individuals and 
timepoints will also increase the feasibility of modelling 
multiple methods simultaneously across all brain regions 
as previously done using aggregate measures of 
pathology.45

The temporal and spatial ordering of biomarkers must 
also be interpreted with caveats. No one individual has 
data across the entire disease window, and our results 
represent population rather than individual participant 
effects. Furthermore, as seen in regional fits of the data, 
some individuals differ from population trajectories. 
Thus, imaging data alone might not be sufficient to make 
individual-level disease stage predictions. Such pre-
dictions would require further work that accounts for 
individual differences due to factors such as genetic 
variability and lifestyle. The current work also uses partial 
volume corrected PET data;27,28 analyses without this step 
could have slightly different trajectories late in the disease.

The temporal ordering of biomarker change should also 
be viewed as relative rather than absolute. Our models are 
fit using a particular definition of estimated year of 
expected symptom onset. Supplemental models using a 
modified definition indicate a preserved relative ordering 
(eg, precuneus Aβ then hypometabolism then structural 
decline) but slight differences in absolute timing (eg, 
shifts from 22·2 years to 19·8 years before expected 
symptom onset; appendix). Furthermore, our results 
reflect the first detectable changes with PET and MRI, 
which are constrained by the inherent sensitivities and 
signal-to-noise properties of the imaging techniques. The 
current analyses use the cerebellum as a reference region 
for PET. Results using the brainstem instead were 
essentially unchanged (appendix). Finally, although 
autosomal dominant Alzheimer’s disease can serve as a 
model for sporadic Alzheimer’s disease, direct 
comparisons should explore potential differences.

Our results reveal complex patterns of biomarker 
accumulation across the brain. Elevations in β-amyloidosis 
occur more than two decades before, and continue to 
accrue even after, the expected year of symptom onset. 
Neurodegeneration measured with both ¹⁸F-FDG and 
structural MRI begins while Aβ is still increasing and 
occurs closer in time to, but still well before, the onset of 
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dementia. While global measures are likely to capture a 
large degree of intraindividual variability, our results 
indicate not just when, but where pathology emerges in 
the brain. Understanding such longitudinal change 
provides insight into the pathophysiological progression 
of Alzheimer’s disease and has implications for the 
selection of participants and endpoints for clinical trials.
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