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Abstract

INTRODUCTION: A biphasic model for brain structural changes in preclinical Alzheimer
Disease could reconcile some conflicting and paradoxical findings in observational studies and
anti-amyloid clinical trials.

METHODS: In this study we tested this model fitting linear vs quadratic trajectories and
computed the timing of the inflection points vertexwise of cortical thickness and cortical
diffusivity—a novel marker of cortical microstructure—changes in 389 participants from the
Dominantly Inherited Alzheimer’s Network.

RESULTS: In early preclinical AD, between 20 to 15 years before estimated symptom onset, \we
found increases in cortical thickness and decreases in cortical diffusivity followed by, cortical
thinning and cortical diffusivity increases in later preclinical and symptomatic stages. The
inflection points 16 to 19 years before estimated symptom onset are in agreement with the start of
tau biomarker alterations.

DISCUSSION: These findings confirm a biphasic trajectory for brain structural changes and have
direct implications when interpreting MRI measures in preventive AD clinical trials.

Keywords

Alzheimer’s disease; autosomal-dominant Alzheimer’s disease; cortical diffusivity; MRI; biphasic
cortical changes; preclinical Alzheimer’s disease

1. BACKGROUND

Alzheimer disease has a long preclinical phase in which multiple pathophysiological
alterations coexist. Individuals who carry mutations in the Presenilin-1, Presenilin-2 or
amyloid precursor protein genes are destined to develop symptomatic Alzheimefs disease.
Although autosomal dominant Alzheimer disease (ADAD) is an etiologically distinct form
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of Alzheimer disease (AD), it shares pathological features, and a similar clinical
presentation, to sporadic Alzheimefs disease.12 The Dominantly Inherited Alzheimer
Network (DIAN) Observational Study evaluates mutation carriers with standardized clinical
and cognitive testing, brain imaging, and biochemical biomarkers with the goal of
determining the sequence of changes in pre-symptomatic carriers. It is thus a unique
population in which to study the timing of events in Alzheimefs disease pathophysiology.3->

We have recently proposed a biphasic model of cortical changes in the preclinical stage of
sporadic AD based on cross-sectional®-8 and longitudinal data.® In this model, early
pathological cortical thickening in Alzheimefs disease vulnerable regions is found in
subjects with pathological CSF amyloid levels and normal CSF tau levels. This phase, which
might be due to early neuroinflammatory changes,? is followed by atrophy once CSF tau
also becomes abnormal.”-9:11.12 Several cross-sectional studies have analyzed the brain
structural changes in ADAD showing different cortical changes at different preclinical
stages. Cortical thinning occurs in the precuneus, and temporal lateral regions seven to three
years prior to symptom onset.3 However, in young presymptomatic mutation carriers
increased cortical thickness10-13-16 and increased volumes in subcortical regions!3:17:18 have
been described in small cohorts of ADAD.

Diffusion tensor imaging enables the study of the brain microstructure. Most diffusion
weighted imaging studies in AD have focused on the white matter. However, it can also be
used to study the cortical microstructure.1319 Cortical mean diffusivity has been proposed as
a new biomarker in neurodegenerative diseases that could be more sensitive than cortical
thickness to detect cortical changes, especially on symptomatic phases of the disease.
8.13,19-21 1mportantly, cortical mean diffusivity also follows a biphasic trajectory in sporadic
AD, with early decreases associated with cortical thickening and increases in later
preclinical phases.® Interestingly, previous small cohort studies of ADAD reported cortical
mean diffusivity decreases in early presymptomatic ADAD10:13.17 and later increases in
symptomatic mutation carriers.13:17

Therefore, a biphasic trajectory of cortical changes might reconcile the aforementioned
changes in ADAD (and sporadic Alzheimefs disease). However, this biphasic model is based
on the comparison between the different stages of preclinical Alzheimefs disease,8 or on
observations in small ADAD studies.10-13.17 |t has not been mathematically tested. ADAD
offers the opportunity to compare different mathematical models (ie. linear vs quadratic) to
detect the inflection points at which these changes occur.

Using the largest sample of ADAD, the multicenter DIAN cohort, we aimed to confirm and
test this biphasic model of cortical changes in preclinical AD. Specifically, (i) we explored
the trajectories of cortical thickness and cortical mean diffusivity comparing mutation
carriers and non-carriers in relation to estimated years to symptoms onset, (ii) compared the
fit of a biphasic (or quadratic) model as opposed to the linear one and computed the
inflection point for cortical changes, and (iii) assess the influence of CSF pTau in the
relationship between cortical alterations and estimated years to symptoms onset. A better
characterization of the trajectory of MRI structural changes in ADAD and the confirmation
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and characterization of this biphasic model in ADAD would inform the use of MRI outcome
in current anti-amyloid preventive trials and future anti-inflammatory trials.

2. METHODS

2.1 Participants

Individuals from families with mutations in the presenilin-1, presenilin-2 and amyloid
precursor protein genes were recruited from 14 sites participating in the DIAN observational
study. We included all participants who had genetic, clinical data and an available quality
checked MRI from the 12th data-freeze. The period of recruitment was January 2009 to
December 2017. Estimated years to expected symptoms onset was computed as the
difference between the participant’s current age and the mutation-specific expected age of
clinical symptoms onset.3:22. All participants provided written informed consent. Local
ethical approval was obtained at each participating DIAN site.

2.2 Structural and diffusion MRI

MRI acquisition parameters were based on the ADNI protocol. Briefly, all subjects
underwent a 3 Tesla T1-weighted scan at resolution of 1.1 x 1.1 x 1.2 mm voxels. Scans
with artifacts were excluded. Images were processed with Freesurfer 5.3 and normalized to a
standard space and smoothed using a Gaussian kernel of 15mm for statistical analysis as
commonly done in cortical thickness analyses. A final number of 389 subjects with correctly
preprocessed T1w images were included. Diffusion weighted images were available for a
subset of the participants (N=300) with one b=0 and 64 directions at b=1000 with an
isotropic voxel size of 2.5mm. We excluded 11 subjects due to image artifacts. We computed
cortical mean diffusivity using a surface-based in-house pipeline as previously reported.®
Briefly, we computed a rigid-body registration between the b=0 and the 64 b=1000 volumes
to correct for motion effects. After removing non-brain tissue, a tensor model was fitted
using FSL’s dtifit command, and we computed the mean diffusivity metric. We then
coregistered the b=0 scan to the segmented T1w image. Eight additional subjects were
excluded due to incorrect registration. We then sampled the mean diffusivity volume for
each participant at the midpoint cortical ribbon and projected it to each individual surface,
previously constructed by Freesurfer, in order to generate individual cortical mean
diffusivity maps. Finally, cortical diffusivity maps were normalized a standard surface
template (fsaverage) and smoothed using a 15mm kernel. A total number of 281 participants
were finally included in the cortical mean diffusivity analyses.

2.3 Biochemical quantifications of pTau

A subset of 327 individuals also underwent a lumbar puncture. CSF sample collection and
measurement in the DIAN cohort has been previously described?3. Briefly, CSF pTau181
(further referred as pTau) was measured by immunoassay using Luminex bead-based multi-
plexed XMAP technology (INNO-BIA AlzBio3, Innogenetics).

2.4 Statistical analysis

Demographics were compared using the non-parametric test Man-Whitney U test and the
Fisher’s exact test as implemented in the R statistical software.
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We designed three independent, but interrelated analyses to specifically assess the biphasic
model in ADAD, using EYO as a proxy of disease staging. We first performed an
exploratory analysis to compare cortical thickness and cortical mean diffusivity between
mutation carriers and non-carriers in 5-year intervals with respect estimated symptom onset
(ranges from -25 to +5) computing the vertex-wise Cohen’s d effect size maps in order to
explore group differences. We then used a 2-class general linear model to identify regions
with statistically significant differences, including sex and education as nuisance factors. To
avoid false positives, we corrected the results with a cluster-sized based MonteCarlo
simulation with 10,000 repeats as implemented in Freesurfer (familywise error [FWE], p <
0.05).

Second, we compared different mathematical models (ie. linear vs quadratic). We initially
assessed the linear relationship between both neuroimaging metrics and age in non-carriers,
finding a significant association in non-carriers (Suppl Fig 1). Therefore, in order to mitigate
this age-related effect and model the changes in mutation carriers, we first normalized each
mutation carrier individual map using a W-score approach.2425 We finally compared the
linear model and, the linear model with the addition of a quadratic term of estimated years to
symptoms’ onset to the model at each surface vertex:

Wscore-NI ~EYO"2 + EYO

We applied the Akaike information criterion (AIC) to assess the improvement in the model
with the inclusion of the quadratic term. Importantly, the AIC penalizes model complexity to
avoid the risk of overfitting the data. Afterwards, we assessed the statistical significance of
the quadratic model in those regions were the addition of the quadratic term improved the
fitting. In addition, we computed interaction analyses to assess if the quadratic relationship
of the imaging biomarkers with EYO were significantly stronger in the mutation carriers
compared to the non carriers, using the following model at each vertex:

NI ~ EYO”"2*MutationStatus + EYO + Sex

Only those regions that survived multiple comparisons based on cluster-extension Monte
Carlo simulations are shown (FWE, p < 0.05).

Then, to assess the inflection point for the cortical changes we fitted a second-order
polynomial equation (i.e a parabola) and computed the first derivative of the polynomial in a
vertex-wise basis. Of note, we only report the inflection points in those regions where the
addition of the quadratic term improved the fitting of our data. The second-order polynomial
fitting and the AIC metric were computed using the python packages numpy?8 and
statsmodels?’, respectively.

Finally, we compared if the relationship between both imaging markers and EYO differed
depending on the CSF pTau positivity status in asymptomatic mutation carriers. We
computed a threshold of pTau positivity based on a ROC analyses comparing asymptomatic
Vs symptomatic mutation carriers, using the Youden’s algorithm. This threshold was used to
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categorize mutation carrier individuals into positive or negative pTau individuals. Then, we
used a vertex-wise interaction model defined as:

Wscore-NI ~ EYO*pTauStatus
Only regions that survived multiple comparisons based on cluster-extension Monte Carlo
simulations are shown (FWE, p < 0.05).
3. RESULTS

3.1 Participants

Table 1 summarizes the demographics and clinical data of all participants. There were no
statistical differences in age, sex distribution, estimated years to symptoms onset or mutation
type frequency between the mutation carriers and the non-carriers. As expected, we found
significant differences in global CDR scores and CSF pTau measurements (p < 0.001).

3.2 Cortical macro and microstructural changes with respect estimated years to
symptom onset

We first compared the cortical thickness and cortical mean diffusivity between carriers and
non-carriers in 5-year age intervals (Figure 1 and Suppl Fig 2). The youngest mutation
carriers (25 to 20 years before symptom onset) showed significant cortical thinning in
middle temporal regions and increased diffusivity on the insula, with non-significant middle-
to-high effect size differences in the precuneus and in the anterior cingulate and medial
prefrontal cortex. Between 20 to 15 years before estimated symptom onset there was a shift,
and mutation carriers showed significant increased cortical thickness in the occipital
fusiform and insula and non-significant middle-to-high effect size in the precuneus, lateral
temporal cortex, whereas mutation carriers showed significant reduced diffusivity on the left
insula and frontal-parietal cortices and non-significant middle-to-high effect size differences
posterior cingulate and lateral temporal regions. In the decade before symptom onset,
mutation carriers showed significant cortical thinning in temporoparietal and occipital areas
and increased cortical mean diffusivity in the precuneus and lateral and medial
occipitotemporoparietal regions that further extended after the onset of clinical symptoms.

3.3 Cortical thickness and cortical diffusivity change following a quadratic model in
preclinical AD

We then compared a quadratic vs a linear modeling for the normalized cortical changes (W-
scores) in the mutation carriers individuals. Specifically, we first calculated if the addition of
a quadratic term of EYO to the linear model at each surface vertex W-scores improved data
fitting (Suppl Fig 3). Fig 2 (left panels) show the regions where the quadratic term of
estimated years to onset for both neuroimaging metrics were significant after correcting for
overfitting using the AIC criteria and correcting for multiple comparisons. The normalized
cortical thickness (Fig 2 top row) showed a significant quadratic relationship in regions of
the temporal cortex, temporoparietal junction, and parts of the precuneus and parieto-
occipital regions. The normalized cortical mean diffusivity revealed a more widespread
pattern of regions with significant quadratic relationships, especially in the lateral and
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medial temporal cortex, the precuneus, and temporoparietal regions. Of note, the results are
qualitatively the same when restricting the analyzing the PSEN1 carriers alone and when
analyzing the PSEN2 and APP mutation carriers combined (results not shown). Moreover,
when comparing mutation carriers against non carriers, we found that the relationship
between each imaging marker and EYO? was significantly higher in the mutation carriers in
regions typically described to be affected in AD (Suppl Figure 4).

3.4 Structural MRI markers inflection points are coincident with biochemical
neurodegenerative biomarkers

We then calculated the inflection points for both the normalized cortical thickness and the
normalized cortical mean diffusivity after fitting a second-order polynomial in the regions
where the quadratic term was significant. To this aim, we computed the first derivative of the
polynomial in a vertex-wise basis. Our data show that for cortical thickness, the trajectory
changed around —18.8 years of onset and for cortical mean diffusivity around —16.25 years
of onset. Of note, similar results were found when excluding the individuals with EYO>0

(Suppl. Fig 5).

3.5 The association between both cortical thickness and cortical mean diffusivity and
estimated years to symptom onset depends on CSF pTau status

We dichotomized mutation carriers into pTau positive (pTau+) or negative (pTau—) using a
threshold of 52.8 pg/ml, in order to run interaction analyses of the relationship between
imaging markers and EYO by pTau status. Figure 3 shows the brain areas where/in which
these interactions were significant. Specifically, we found a cluster of significant interaction
for cortical thickness in parieto-occipital regions of the left hemisphere (Figure 3 top-row
left panel) that was driven by increases of cortical thickness related to EYO in the pTau— and
atrophy in the pTau+ (Figure 3 top-row right panel). For cortical mean diffusivity, we found
a more widespread pattern of significant interactions, encompassing parieto-occipito-
temporal areas bilaterally, and frontal regions for the right hemisphere (Figure 3 lower-row
left panel). These interactions were driven by decreases of cortical diffusivity in relationship
to EYO in the pTau- subgroup and diffusion increases in the pTau+ subgroup (Figure 3 top-
row right panel).

3.6 A biphasic model of structural changes along the Alzheimer’s Disease continuum

We finally integrate the proposed biphasic model for cortical macro and microstructural
changes in relation with the reported pathophysiological biomarker changes in ADAD using
the AT(N) framework?28 (Figure 4). Importantly, we did not categorize our individuals based
on their biomarkers profiles, but contextualized the hypothetical biphasic model of
alterations with previous findings in ADAD. Mutation carriers with EYO at the A-T- range
present cortical thinning and increased cortical mean diffusivity. The onset of amyloid
biomarker changes varies across ADAD studies, but between 25 to 20 years before estimated
symptom onset, the rates of change in CSF Ap42 values and amyloid uptake values start to
occur.2%30 This is 10 to 5 years before the earliest increases in CSF pTau levels have been
reported.3! Mutation carriers with EYO in the A+T- phase showed the first signs of
increased cortical thickness and decreased cortical mean diffusivity changes in mutation
carriers. The reported onset for CSF pTau increases is close to our calculated inflection
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points for the trajectory of changes in both neuroimaging metrics. Thereafter, when
comparing mutation carriers and non—carriers with EYO in the A+Tcgse+ phase, we did not
see differences until the earliest reported alterations in tau PET, which occur 6 years before
the symptoms onset32, When comparing individuals with EYO in this A+Tpgr+ phase we
found a widespread pattern of cortical thinning and increased cortical mean diffusivity. It is
important to note that this biphasic trajectory does not occur in all the regions of the brain,
but in specific regions. Furthermore, the temporality might vary in different areas of the
cortex.

4. DISCUSSION

This study confirms that cortical thickness and cortical mean diffusivity follow a biphasic
trajectory in ADAD. This model reconciles the apparently conflicting initial observations in
small cohort studies. This biphasic trajectory should be considered when analyzing the MRI
endpoints in preventive Alzheimefs disease clinical trials.

This study confirms initial observations from small ADAD cohorts, which had already
reported cortical thickening and decreased cortical mean diffusivity in early preclinical AD
in a small independent samples of presenilin-1 mutation carriers in Spain,13-15 Colombia,6
and Sweden.19 Similarly, we and others have also reported increases of volume in
subcortical structures.1317.18 Cortical mean diffusivity has also been assessed in a subset of
the aforementioned studies. In agreement with our results, early decreases in cortical mean
diffusivity were found in association with increased cortical thickness.13 The present study
not only confirms this early phase of cortical thickening, but importantly, it also shows, for
the first time, that these changes are not neurodevelopmental, but pathological. Indeed, the
youngest mutation carriers in the present study showed cortical thinning and increased
cortical mean diffusivity. Cortical thickening and decreased mean diffusivity only emerged
20 to 15 years before estimated symptom onset. Atrophy, on the other hand, has been
consistently reported in later preclinical (and symptomatic) ADAD. In this sense previous
cross-sectional studies in DIAN and in other independent cohorts demonstrated cortical
thinning in the precuneus ~7 to 4 years before symptom onset, a timing which is in
agreement with our results.3:33-36 Of note, although the main analyses show an overlapping
pattern of changes for MD and CTh and between regions with the early increased cortical
thickness and decreased cortical mean diffusivity and the later decreased cortical thickness
and increased cortical mean diffusivity, some differences between modalities and regions
should be further explored. We have previously shown that MD might have superior
sensitivity than CTh?0, especially in frontal and insular regions. Furthermore, not all regions
follow or are at the same pathophysiological stage in a given time-point?, and some of the
changes at early stages of the disease (co-occuring with presumably amyloid related
inflammation as shown in a proof-of-concept deprenyl study in ADAD%) might not overlap
completely with the later tau-related atrophy.

This paper provides the first mathematical modeling for a biphasic trajectory of changes in
ADAD. The addition of a quadratic term significantly improved the linear model in several
Alzheimer’s disease vulnerable regions.8:37 This analysis enabled us to calculate the
inflection points for both the normalized cortical thickness and normalized cortical mean
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diffusivity, which occurred 16 to 19 years before the expected symptom onset. This type of
analyses can only be performed in ADAD, in which years to symptom onset can be reliably
estimated. However, these analyses also require a large cohort of mutation carriers, which
were not available in the aforementioned studies in the small independent ADAD cohorts.
This biphasic trajectory of changes substantially expands the possibilities of MRI to detect
the changes in preclinical Alzheimer’s disease, if properly modeled. Indeed, it shows
dynamic changes in the two decades prior to symptom onset as opposed to the
aforementioned capability to detect atrophy in the last decade before symptom onset.

The interaction analyses showed clear differences when comparing the trajectories between
CSF pTau+ and pTau- subgroups. In early preclinical Alzheimefs disease, in individuals
with low CSF pTau values, cortical thickness increased and mean diffusivity decreased in
mutation carriers, whereas in later stages, in those individuals with high CSF pTau values,
there was cortical thinning and increases in cortical mean diffusivity. Interestingly, a
previous longitudinal study in the DIAN cohort showed accelerated rates of atrophy up to 13
years before symptom onset in the precuneus,3C earlier than the aforementioned cross-
sectional studies. We speculate that longitudinal atrophy begins after CSF pTau levels start
to increase, theoretically around 15 years before symptom onset (or earlier) in the DIAN
cohort.1:31 In this sense, we had previously shown that increased longitudinal atrophy rates
can co-occur with increased cross-sectional cortical thickness.14

We finally integrate the cortical macro and microstructural changes in relation to the
reported pathophysiological biomarker changes in ADAD. The timing of the cortical
changes is strikingly congruent with those of amyloid and tau. The increase in cortical
thickness and the decrease in cortical diffusivity coincided with the start of fibrillar amyloid
accumulation, 1530 around 20 years before symptom onset. However, 16 years before
symptom onset, most regions had reached an inflection point, in agreement with the
aforementioned reported increases in atrophy rates,14:30 and the beginning of the increases in
CSF pTau levels.1:29:31 These results support the hypothesis previously reported by our
group and others8:9:38 that amyloid and tau have a toxic synergistic effect that might drive
the inflexion point in cortical changes, leading to cortical atrophy and increases in cortical
mean diffusivity. Finally, we found widespread cortical thinning and increased cortical mean
diffusivity in subjects close to symptoms onset (EYO -5). Interestingly, this is the age-range
at which the earliest increases in the uptake of tau PET have been reported.32:39 Further
work is needed in order to test the A/T/N framework in ADAD. This biphasic trajectory of
changes is not unique to ADAD; our group and others have already shown early pathological
cortical thickening and decreased cortical mean diffusivity in Alzheimer’s disease
vulnerable regions in cognitively unpaired subjects from the general population with
pathological CSF AB42 levels and normal CSF tau levels.8:4041 Cortical thinning, and
increases in mean diffusivity, only occurred in the presence of both abnormal amyloid and
tau biomarkers.5=9 The atrophy and increased mean diffusivity found in the youngest
mutation carriers might reflect neurodevelopmental abnormalities. In this sense, in animal
models using Tg2576 mice, decreased spine density and reduced levels of synaptophysin, in
addition to behavioral changes have been described months prior to amyloid plaque
deposition?2. Similarly, in humans, Quiroz et al*3 reported cognitive vulnerabilities in verbal
comprehension, processing speed and interpersonal relations tests, decades before the
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symptom onset. However, further studies with larger sample sizes in this age-range and
earlier time-points are needed to confirm this neurodebelopmental hypothesis. The rationale
for cortical diffusivity decreases and cortical thickness increases early in AD has been
previously reviewed.10 In short, these changes could be related to amyloid-related
inflammatory processes. Several studies have shown early astrocytic activation prior to
neurodegeneration in animal models (see** for a review) and even prior to amyloid plaque
accumulation in humans.*® A local relationship has been demonstrated between astrocytosis
measured using deprenyl PET and increases of cortical thickness and decreases of diffusivity
in a Swedish ADAD cohort.10

Our results have important implications for the design of clinical trials with anti-amyloid
therapies such as the Colombian (NCT01998841) and DIAN-TU (NCT01760005) cohorts.
MRI measures are commonly used as endpoints, but under the assumption of a linear
trajectory of changes. A biphasic trajectory in the design and interpretation of such trials
outcomes should be considered. Our model might help understand the paradoxical findings
in anti-amyloid trials (e.g. AN1792, solanezumab or bapineuzumab) where the active arm
showed increased atrophy rates with respect to placebo (i.e a drug that effectively decreased
amyloid related inflammation could lead to the counterintuitive effect of increasing atrophy,
as it has been repeatedly shown in anti-amyloid trials). Our model also has immediate
implications for secondary prevention trials in sporadic AD such as the A3 study
(1IR01AG054029-01), the A4 study (NCT02008357), ADAPT (NCT00007189) or
TOMORROW (NCT01931566) trials as well as in future trials with anti-inflammatory
drugs. Finally, this study confirms the sensitivity of cortical mean diffusivity to track the
cortical microstructural changes in Alzheimefs disease.

The main strength of this study are the inclusion of the largest cohort of ADAD and the
mathematical modeling of the biphasic trajectory using two complementary imaging
measures. Our methodology to measure cortical mean diffusivity is another strength as it
overcomes limitations previously reported when using voxel-based approaches, such as
partial volume contamination and kernel-sensitive CSF inclusion during data smoothing.46
Interestingly, cortical mean diffusivity captured the biphasic trajectory of changes in more
widespread regions than cortical thickness. However, future studies should compare the
sensitivity of cortical thickness and cortical mean diffusivity in the continuum of AD (both
sporadic and ADAD), as it has been demonstrated in bvFTD?ZC. This study also has several
limitations. First, this study relies on the concept of estimated years to onset; however,
several external factors might affect clinical presentation. Second, despite the use of a
previously validated surface-based in-house pipeline developed to minimize CSF
contamination, the cortical diffusivity might still be contaminated by partial volume effect
related to the DWI low resolution. Finally, only a longitudinal study with long follow-ups
periods with individual amyloid, tau, metabolic (PET-FDG) and inflammatory biomarkers
will determine with accuracy the trajectory of changes at the individual level and the
interplay between them. These analyses might become soon possible with the advent of
plasma amyloid, tau and neurodegenerative biomarkers.

In summary, we showed that cortical changes in the preclinical ADAD follow a biphasic
trajectory with early cortical thickening and decreases in cortical mean diffusivity followed
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by atrophy and increases cortical mean diffusivity around 16 years before symptom onset, an
age when CSF Tau levels start to increase. This biphasic trajectory might be crucial when
interpreting MRI measures in current and future preventive trials in Alzheimer’s disease.
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Figure 1. Group comparisons in cortical thickness and cortical mean diffusivity between carriers
and non-carriers in 5-year age intervals.

We show the Cohen’s d effect sizes to show trajectory of changes. Of note, only mid to high
effect sizes are shown. Furthermore, statistically significant group differences clusters are
outlined in black. For display purpose, only results in the left hemisphere are shown but the
right hemisphere revealed similar changes. A) Cortical thickness effect size differences
between the mutation carriers (MC) and the non-carriers (NonC) for different subsets of
estimated years to onset. Blue is associated to less cortical thickness in the mutation carriers,
whereas orange-yellow reflects higher cortical thickness in comparison to the non-carriers.
B) Cortical mean diffusivity differences between mutation carriers and non-carriers for
different subsets of estimated years to onset. Green is associated with increases of cortical
mean diffusivity in the mutation carrier group, whereas purple reflects decreases in cortical
mean diffusivity in comparison to the non-carriers. EYO = estimated years to onset; NonC =
Non-carriers; MC = Mutation Carriers.
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o %3

Figure 2. Brain regions showing a significant quadratic association with estimated years to
symptom onset in mutation carriers.
Left panel shows the significant clusters for the association between the normalized cortical

thickness (W-CTh; top row) and the normalized cortical mean diffusivity (W-MD; lower
row) and the squared of estimated years of onset in mutation carriers participants. The
middle panels show the inflection points for the W-CTh and W-MD (ie. the EYO at which
W-CTh change from increasing to decreasing (top row) and where the W-MD change from
decreasing to increasing (lower row). The right panels show the scatter plots for the fitting of
the second order polynomial in the most significant vertex of the cortical mantle (marked as
*) for both W-CTh (top row) and W-cMD (lower row). EYO = Estimated years to symptoms
onset; W-CTh = Normalized cortical thickness; W-cMD = Normalized cortical mean
diffusivity
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Figure 3. Interaction analyses between estimated years to symptom onset and CSF pTau

positivity status on cortical thickness and cortical mean diffusivity.

EYO

Left panel: Brain regions with a significant interaction for both cortical thickness (top row)
and cortical mean diffusivity (bottom row). Right panel: scatter plots for the interaction
analyses in cortical thickness (upper right panel) and cortical mean diffusivity (lower right
panel) in the most significant vertex for each interaction analysis (marked as red *). We only
show those clusters that survived multiple comparisons correction. EYO = Estimated years

to symptoms onset.
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Figure 4. Hypothetical model of cortical thickness and cortical diffusivity changes in the
presymptomatic phase of autosomal dominant Alzheimers disease.

Top: Summary of MRI findings reported in the present study for cortical thickness (red) and
cortical diffusivity (purple) Bottom: Previously reported time-points of pathophysiological
biomarker changes. The ordering of the biomarkers correspond to: CSF amyloid levels,
cross-sectional and rate of change (Acsk and 8Acsk, respectively); amyloid PET, cross-
sectional and rate of change (ApgeT and 8ApgeT, respectively); CSF pTau levels, crossectional
and rate of change (Tcse and 8T¢sE, respectively); and Tau PET, crossectional and rate of
change (TpeT and 8TpgT, respectively; the later hypothetical*). The letters refer to the
different studies which report the estimated years to symptom onset at which these changes
occur: (A) McDade et al 2018, (B) Bateman et al 2012, (C) McDade et al 2018, (D) McDade
et al 2018, (E) Gordon et al 2018, (F) McDade et al 2018, (G) Bateman et al 2012, (H)
Llibre-Guerra et al 2019, (1) Llibre-Guerra et al 2019, (J) Bateman et al 2012, (K) McDade
et al 2018, (L) Quiroz et al 2018 and (M) Gordon et al 2019. *As there are no published
longitudinal studies using Tau PET in autosomal dominant Alzheimefs disease, (?) refers to
unknown event time-point of Tau PET longitudinal changes. Shaded color-lines reflect
uncertainty of biomarker positivity due to discrepancies in the literature.
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Table 1.
Demographics and clinical data of the participants.

N/A= Not applicable; DWI=Diffusion Weighted Imaging; PSENI= Presenilinl; PSENZ2=Presenilin2;
APP=Amyloid Precursor Protein; EYO= Estimated Years to symptoms Onset; CDR=Clinical Dementia Rating
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Non-Carriers

Mutation Carriers

PSENI1/PSENZ/APP (%)

N (% DTI) 166 (74.7) 223 (70.4)
Asymptomatic (%) N/A 68.1
Age (median, IQR) 36.74 [30.15—46.46] | 36.48 [30.31 — 46.52]
Female (%) 57.2 54.7
Family Mutation 65/12/23 72191717

EYO (median, IQR)

-10.41 [-19.1 - —2.5]

-9.13 [-18.56 — -1.31]

CDR (median, IQR)

00[0-0]

0[0-0.5]

CSF pTau pg/ml (median, IQR)

26.76 [21.9 - 34.22]

44.48[31.1 - 83.5]
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