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ARTICLE INFO ABSTRACT

Keywords: There is evidence of longitudinal atrophy in posterior brain areas in early-onset Alzheimer’s disease
Early-onset Alzheimer’s disease (EOAD; aged < 65 years), but no studies have been conducted in an EOAD cohort with fluid biomarkers char-
Longitudinal acterization. We used 3T-MRI and Freesurfer 6.0 to investigate cortical and subcortical gray matter loss at two
rtfr{(l)phy years in 12 EOAD patients (A + T + N + ) compared to 19 controls (A-T-N-) from the Hospital Clinic Barcelona
Gerebrospinal fluid cohort. We explored group differences in atrophy patterns and we correlated atrophy and baseline CSF-
Biomarkers biomarkers levels in EOAD. We replicated the correlation analyses in 14 EOAD (A + T + N + ) and 55 late-

onset AD (LOAD; aged > 75 years; A + T + N + ) participants from the Alzheimer’s disease Neuroimaging
Initiative. We found that EOAD longitudinal atrophy spread with a posterior-to-anterior gradient and beyond
hippocampus/amygdala. In EOAD, higher initial CSF NfL levels correlated with higher ventricular volumes at
baseline. On the other hand, higher initial CSF AB42 levels (within pathological range) predicted higher rates of
cortical loss in EOAD. In EOAD and LOAD subjects, higher CSF t-tau values at baseline predicted higher rates of
subcortical atrophy. CSF p-tau did not show any significant correlation. In conclusion, posterior cortices, hip-
pocampus and amygdala capture EOAD atrophy from early stages. CSF Ap42 might predict cortical thinning and
t-tau/NfL subcortical atrophy.

Abbreviations: AD, Alzheimer’s disease; EOAD, early-onset AD; CSF, cerebrospinal fluid; AB42, amyloid p1-42; t-tau, total Tau; MRI, magnetic resonance imaging;
p-tau, phosphorylated Tau; NfL, neurofilament light chain; LOAD, late-onset AD; NFT, neurofibrillary tangle; MTL, medial temporal lobe; NIA-AA, National Institute
on Aging-Alzheimer’s Association; GM, gray matter; ADNI, Alzheimer’s disease Neuroimaging initiative; HC, healthy controls; HCB, Hospital Clinic Barcelona;
MMSE, Mini-Mental State Examination; MCI, mild cognitive impairment; PET, positron emission tomography; CTh, cortical thickness; spc, symmetrized percent
change; FWHM, full-width at half maximum; GLM, general linear model; FWE, family-wise error; Bankssts, banks of the superior temporal sulcus.
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1. Introduction

According to the arbitrary cut-off age of 65 years, Alzheimer’s dis-
ease (AD) is classified as early-onset AD (EOAD, aged < 65 years) or late-
onset AD (LOAD, aged > 65 years). Both variants share the same path-
ological landmarks, such as underlying amyloid plaques, neurofibrillary
tangles (NFT) and progressive neurodegeneration. However, early-onset
presentations might constitute a distinct and more severe variant of AD
(Mendez, 2012) in which AD-pathology distributes differently. While
the limbic areas are predominantly affected in LOAD, EOAD patients
show a higher burden of NFT in neocortical regions (Marshall et al.,
2007; Murray et al., 2011).

These neuropathological features go along with higher rates of non-
amnestic symptoms (Koedam et al., 2010) and faster cognitive decline in
EOAD (Wattmo and Wallin, 2017). On the other hand, cross-sectional
studies using magnetic resonance imaging (MRI) reveal a pattern of
widespread atrophy in EOAD particularly marked in parietal areas,
whereas in LOAD, atrophy is restricted to temporal regions (Aziz et al.,
2017; Harper et al., 2017; Moller et al., 2013; Ossenkoppele et al.,
2015a). Longitudinal MRI studies suggest that, in EOAD, the associative
cortices are more vulnerable to atrophy than the medial temporal lobe
(MTL), and that the atrophy rates are faster than those in LOAD (Cho
et al., 2013a; Fiford et al., 2018; Joie et al., 2020; Migliaccio et al.,
2015). However, the conclusions drawn by prior studies regarding a
specific pattern of longitudinal atrophy for EOAD are not clear as many
of them include subjects in whom the clinical diagnosis of AD was not
supported by the use of biomarkers or who were not obtained from
specific EOAD cohorts.

In 2018, the National Institute on Aging-Alzheimer’s Association
(NIA-AA) Research Framework redefined the AD continuum in terms of
three groups of biomarkers: amyloid (A), tau (T) and neurodegeneration
(N) (Jack et al., 2018), namely the ATN profile. The ATN profile can be
evaluated through neuroimaging or biofluids (e.g. cerebrospinal fluid
(CSF)). In this context, longitudinal patterns of progressive atrophy
could help to identify regions of early neurodegeneration in EOAD, in
whom the MTL seems to not optimally reflect the spread of the disease
(Falgas et al., 2019; Murray et al., 2011).

There is a poor understanding of how longitudinal changes in MRI
interact with other biomarkers, especially in EOAD. Similar to LOAD
patients, the presence of low levels of CSF amyloid-p1-42 (Ap42) with
high levels of phosphorylated Tau (p-tau) and total Tau (t-tau) define the
diagnosis in EOAD (Jack et al., 2018; McKhann et al., 2011). Some
studies have suggested that baseline CSF Tau and neurofilament light
chain (NfL) levels could predict longitudinal atrophy in AD (Fjell et al.,
2010; Tarawneh et al., 2015; Zetterberg et al., 2016), and baseline A42
levels have been previously correlated with the pattern of atrophy in
EOAD (Falgas et al., 2020; Ossenkoppele et al., 2015b).

In this prospective study, we aim to describe the pattern of pro-
gressive atrophy in a well-characterized EOAD cohort over two years.
We hypothesized that the longitudinal cortical loss in EOAD would
follow a posterior gradient of cortical thinning and that the subcortical
gray matter (GM) loss would extend beyond MTL structures. Secondly,
we aim to define the relationship between baseline CSF levels of AB42, p-
tau, t-tau and NfL, and the longitudinal rates of atrophy in EOAD. To
confirm our results, we additionally analyze these parameters in EOAD
and LOAD subjects from the Alzheimer’s disease Neuroimaging Initia-
tive (ADNI) database.

2. Methods
2.1. Participants
2.1.1. Discovery sample: Hospital Clinic of Barcelona cohort
We selected EOAD patients and age-matched healthy controls (HC)

from a prospective cohort collected at the “Alzheimer’s disease and
Other Cognitive Disorders Unit” in Hospital Clinic, Barcelona (HCB).
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Participants met the following inclusion criteria: having two available 3
T-MRI scans (one at baseline and one after 2 years), Mini Mental State
Examination (MMSE) >= 15, available CSF biomarkers levels and
multiple clinical and neuropsychological evaluations. Subjects with
previous psychiatric or neurological conditions, autosomal dominant
pattern of AD inheritance or gross brain pathology (i.e., stroke, tumor)
were excluded. According to clinical and biomarker data (Jack et al.,
2018), participants were classified in two groups:

- EOAD-HCB (N = 12): EOAD patients with AD core CSF biomarkers
levels in the range suggesting the presence of AD neuropathology (A
+ T + ) with neurodegeneration (N + ). Patients also fulfilled NIA-AA
diagnostic criteria for mild cognitive impairment (MCI) due to AD
with high likelihood, or AD mild dementia with high evidence of AD
pathophysiology process (Albert et al., 2011; McKhann et al., 2011).
All subjects that fulfilled the inclusion criteria in this study presented
an amnestic or multidomain neuropsychological profile at the time
of the first MRI.

- HC (N = 19): research volunteers with cognitive performance within
normative range and normal CSF levels of core AD biomarkers (A-T-
N-).

This study was approved by HCB Ethics Committee and all the in-
dividuals gave written informed consent for their clinical data to be used
for research purposes.

2.1.2. Replication sample: Alzheimer’s disease Neuroimaging initiative
(ADNI) cohort

To further investigate the interaction between CSF biomarkers levels
and progressive GM loss, as well as a possible influence of age, we used
two groups of patients obtained from the ADNI GO/2 database (adni.
loni.usc.edu). The ADNI was launched in 2003 as a public—private
partnership, led by Principal Investigator Michael W. Weiner, MD, with
a primary goal to test whether different biomarkers can be combined to
measure the progression of MCI and early AD. For up-to-date informa-
tion, see www.adni-info.org.

The selection criteria for the EOAD-ADNI and LOAD-ADNI samples
were identical to those of our discovery sample: a baseline diagnosis of
MCI/AD, two 3 T-MRI scans with appropriate quality (baseline and at 2
years point), MMSE >= 15 and available CSF biomarkers at baseline. We
selected patients with an A + T + N + profile in CSF and we excluded
those with discordant Florbetapir-PET information. We included sub-
jects < 65 years in the EOAD group (EOAD-ADNI: N = 14) and subjects
>=75 years in the LOAD group (LOAD-ADNI: N = 55), to avoid a po-
tential overlap between groups. In addition, we used available infor-
mation in ADNI regarding CSF biomarkers rate of change at two years
and baseline Florbetapir-PET Standardized Uptake Value Ratio (SUVR).

2.2. Cerebrospinal fluid biomarkers and APOE genotype

For the discovery cohort, all CSF samples were collected before the
MRI scan except for one patient in EOAD-HCB and five subjects in HC.
We used commercially available single-analyte enzyme-linked immu-
nosorbent assay (ELISA) to determine levels of CSF Ap42, p-tau, t-tau
(INNOTEST, Fujirebio Europe N.V., Gent, Belgium) and NfL (IBL Inter-
national, Hamburg, Germany). CSF samples in the ADNI cohort were
collected after first MRI scan. Details regarding the CSF samples in the
ADNI cohort are described elsewhere (Shaw et al., 2009). For the dis-
covery cohort, we used the CSF Ap42 (A), p-tau (T) and t-tau (N) cut-off
values determined by our laboratory (Antonell et al., 2020). For the
ADNI cohort, we used pre-defined cut-off points (Af42 < 980 pg/mL, p-
tau > 21.8 pg/dl and t-tau > 245) to determine the ATN status.

APOE genotype was determined through the analysis of rs429358
and rs7412 by Sanger sequencing in the discovery cohort. APOE geno-
typing in ADNI has been outlined previously (Risacher et al., 2010).
APOE status was analyzed according to the presence or absence of at
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least one APOE ¢4 allele.
2.3. Imaging acquisition

A 3 T Magnetom Trio Tim scanner (Siemens Medical Systems, Ger-
many) at Hospital Clinic was used to collect the MR data of the discovery
sample. A high-resolution 3D structural data set (T1-weighted, MP-
RAGE, repetition time = 2,300 ms, echo time = 2.98 ms, 240 slices,
field-of- view = 256 mm, voxel size =1 x 1 x 1 mm) was acquired for all
subjects at each time point. The ADNI brain MRI and Florbetapir-PET
protocols have been reported in detail elsewhere (Jack et al., 2008;
Landau et al., 2013).

2.4. Imaging processing

For the discovery sample, we first performed cortical reconstruction
and volumetric segmentation of MRI scans using the longitudinal stream
in FreeSurfer 6.0 (http://surfer.nmr.mgh.harvard.edu/). It creates a
specific subject template in order to minimize the bias between time-
points, leading to good reliability and reproducibility scores (Reuter
et al., 2012). All the images in this study were visually inspected and
manually corrected when needed.

Using the FreeSurfer longitudinal stream, we obtained cortical
thickness (CTh) maps and subcortical volumes at each time-point. We
used the symmetrized percent change (spc) to evaluate longitudinal
changes in CTh, calculated as the rate of thickness change (CTh at time2
— CTh at timel) divided by the average thickness ((CTh at time2 + CTh
at timel)/2). Before statistics, all CTh maps were registered to a com-
mon space and smoothed using a full-width at half maximum (FWHM)
kernel of 15 mm. In addition, we obtained global CTh measures for each
hemisphere (mean CTh across all the vertices) and summary measures
within the atlas-based parcellations available in FreeSurfer (34 cortical
regions in each hemisphere) (Desikan et al., 2006).

For the subcortical structures, we obtained volumetric measures at
baseline and at two years for the 23 atlas-based subcortical GM regions
available (Seidman et al., 1997) and we calculated the spc, using the
same method described for the CTh maps.

For the replication samples, we downloaded the summary table of
longitudinal measurements for subcortical volumes and CTh, which
have been calculated within the ADNI pipeline. We calculated the spc at
two years point as previously described. In addition, we downloaded the
summary table of SUVR calculations for amyloid-PET.

2.5. Statistical analysis demographics, clinical data and CSF biomarkers
levels

To compare differences between groups at baseline, the Mann-
Whitney U test was used for continuous variables and the Fisher’s
exact tests for the sex and APOE &4 distributions. In addition, we per-
formed a cross-correlation correlation analysis between the CSF bio-
markers levels in each of the different AD samples. All the statistical
analyses were conducted using R version 4.0.2 (http://www.R-project.
org/)

2.6. Cortical thickness analysis

For the discovery sample (EOAD-HCB), we used tools available in
FreeSurfer to obtain vertexwise differences between groups, using
different general linear model (GLM) designs. We obtained group CTh
differences at baseline, as well as differences in CTh spc maps, using age
and sex as covariates. Information on baseline atrophy was included to
describe which regions were preserved or atrophied at baseline and
presented (or not) atrophy over two years. All maps were corrected for
multiple comparisons using a permutation-based method, as
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implemented in Freesurfer. This method corrects for family-wise error
(FWE) while accounting for the distribution of the data using Monte
Carlo permutations at the cluster level. Significance level for the group
differences was set at p < 0.01. In addition, we used global CTh mea-
sures for each hemisphere and atlas-based parcellations to further study
cortical differences across groups, using Mann-Whitney U test. To better
compare our results across cohorts, and to explore a possible bias results
towards regions that might have severe atrophy at baseline, we also
studied differences in longitudinal cortical loss across groups using the
rate of change (CTh at time2 - CTh at timel/Time 2 - Time 1).

Within the EOAD-HCB group, we performed correlations between
initial CSF biomarker levels (AB42, p-tau, t-tau, and NfL) and whole CTh
spc maps. The resulting correlation maps were corrected for multiple
comparisons as stated above and thresholded at p < 0.05. After the
correlation analysis between the spc map and the initial CSF levels, we
used Spearman’s coefficients to correlate separately the spc of the re-
gions that were identified in the previous clusters and the corresponding
levels of CSF biomarkers (for interpretation purposes). We then corre-
lated separately the spc of these regions with CSF biomarker levels in the
EOAD-ADNI and the LOAD-ADNI groups. In addition, to better under-
stand this relationship, we performed the same analysis using the
measures of the regions that showed atrophy in EOAD-HCB at baseline.
We also correlated CTh spc with initial CSF biomarkers levels using the
full sample of EOAD-HCB and HC subjects in the analysis. Finally, we
performed a cross-correlation analysis between the CSF biomarkers in
the different AD samples. Since we found differences between the in-
terval between the first MRI and the lumbar puncture in EOAD-HCB,
EOAD-ADNI and LOAD-ADNI, we tested a possible influence of this in-
terval in CSF levels or the spc decline.

2.7. Subcortical volume analysis

For the discovery sample, we used the Mann-Whitney U test to
calculate group differences in volume at the time of the first scan and the
differences in spc longitudinally. For volume analyses, significance level
was set at p < 0.002, which was the result of adjusting an initial p level
of 0.05 to account for all the independent tests assessed, according to the
Bonferroni criteria for multiple comparisons correction. In addition, we
repeated the cross-sectional analysis after intracranial volume adjust-
ment. The longitudinal analysis for subcortical GM loss was also
repeated using the rate of change as previously described.

We then used Spearman’s coefficients to correlate initial CSF
biomarker levels and the spc in the structures that showed significant
longitudinal atrophy. Later, we repeated the analysis using the previ-
ously identified significant regions but in the ADNI cohort. Also, the
volume of the structures that exhibited baseline atrophy was correlated
with initial biomarkers level and the spc was correlated including EOAD-
HCB and HC in a single correlation analysis. The influence of the interval
between MRI scan and lumbar puncture in spc was also investigated.

3. Results

3.1. EOAD-HCB cohort: Baseline demographics, clinical data and CSF
biomarkers levels

Demographics, MMSE scores, APOE genotype and CSF biomarkers
levels are shown in Table 1. As expected from the groups’ conformation,
EOAD-HCB presented lower AB42 and higher t-tau, p-tau and NfL levels
and scored worse in MMSE than HC. There were no differences between
groups in age at the first MRI scan, time between scans, time between the
first MRI scan and the lumbar puncture, sex or APOE ¢4 status. In
addition, we found that higher levels of Ap42, p-tau and NfL correlated
with higher levels of t-tau in EOAD-HCB. P-tau also correlated with NfL
(p < 0.05, Supplementary Fig. 1).
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Table 1
Demographic, clinical characteristics, and CSF biomarkers levels for groups
included in analysis.

Variable EOAD-HCB HC EOAD- LOAD-
ADNI ADNI
N 12 19 14 55
Female/Male 8/4 16/3 8/6 24/31
Age at onset, years 57.25(4.86) N/A NE NE
Age at first MRI, 60.64 (4.58) 57.96 60.7 (3.38) 79.41
years (4.68) (3.45)f
Time to second 1.99 (0.17) 2.02 (0.25) 2.06 (0.1)7 2.08
MRI, years (0.09)t
Time between MRI 0.66 (1.17) 1.15 (1.05) 0.13 0.08
and CSF, years (0.13)f (0.05)t
APOE ¢4 carriers/ 3/9 3/16 13/1% 21/34%
non carriers
MMSE, mean 20.83 29.27 26.07 26.55
(3.43)* (1.06) (3.08)f (2.73)f
Ap42, mean pg/mL 387.65 (73)*  892.26 653.14 674.72
(217.88) (181.43) (166.85)
p-tau, mean pg/mL 103.65 53.27 45.18 37(16.5)
(24.29)* (11.20) (15.21)
t-tau, mean pg/mL 740.28 227.29 438.89 364.54
(282.44)* (50.91) (127.25) (145.53)
NfL , mean pg/mL 914.94 416.50 NE NE
(219~ (109.12)

NOTE. Data are presented as mean (standard deviation). *p < 0.05 for the
comparisons between EOAD-HCB and HC; {p < 0.05 for the comparisons be-
tween EOAD-HCB and EOAD-ADNI; {p < 0.05 for the comparisons between
EOAD-HCB versus LOAD-ADNI. Abbreviations: EOAD, early-onset AD; HCB,
Hospital Clinic; HC, healthy controls; LOAD, late-onset AD; N/A, not applicable;
NE, not evaluated; MRI, Magnetic resonance imaging; CSF; cerebrospinal fluid;
MMSE, Mini-Mental State Examination; Ap42, amyloid p42; p-tau, phosphory-
lated tau; t-tau, total tau; NfL, neurofilament light chain.

3.2. EOAD-ADNI cohort: Baseline demographics, clinical data and CSF
biomarkers levels

Data from the EOAD-ADNI and LOAD-ADNI samples are presented in
Table 1. Compared to EOAD-HCB, we found no differences in age at first
MRI scan in the EOAD-ADNI, while the LOAD-ADNI group was older, as
expected. Compared to EOAD-HCB, EOAD-ADNI and LOAD-ADNI
showed differences in MMSE score, proportion of APOE €4 carriers,
time between scans and the time between the first MRI scan and the
lumbar puncture. No sex differences were found. Higher CSF levels of p-

A.Cross-sectional analysis EOAD < HC

Right hemisphere

B Cluster 1
Left hemisphere

B Cluster 1 H Cluster 2 p <0.01 corrected
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tau correlated with higher t-tau levels in EOAD-ADNI and LOAD-ADNI
(p < 0.05, Supplementary Fig. 2).

3.3. EOAD-HCB baseline analyses

3.3.1. Cortical thickness

The EOAD-HCB group showed lower CTh than HC in global CTh of
left and right hemispheres (p = 0.00072 and p = 0.0042, respectively),
with no differences between them (p = 0.55). With the vertex-wise
analyses, we found a pattern of reduced CTh in EOAD-HCB compared
to HC (p < 0.01 cluster-wise corrected, Fig. 1A). These differences
comprised the bilateral precuneus, the posterior and isthmus cingulate
regions, areas surrounding the temporoparietal junction - including the
bilateral supramarginal, the superior and inferior parietal, banks of the
superior temporal sulcus (bankssts) - as well as the superior, middle and
inferior temporal regions. These differences also extended into the right
lateral occipital cortex. However, the EOAD-HCB group did not show
differences in CTh in the MTL, the temporal pole or the frontal lobe
compared to HC.

When analyzing the CTh of atlas-based parcellations, we found that
the bilateral middle temporal, the precuneus and the inferior parietal
regions showed the greatest reduction in CTh in EOAD-HCB compared to
HC, in addition to the left inferior temporal and left supramarginal (all p
< 0.00074, Supplementary Table 1).

3.3.2. Subcortical volumes

EOAD-HCB group showed lower volume in bilateral hippocampus
and amygdala and greater volume of inferior-lateral ventricles when
compared to HC (all p < 0.002; Fig. 2A, Supplementary Table 2). Results
did not differ after adjusting for total intracranial volume.

3.4. EOAD-HCB longitudinal analysis

3.4.1. Longitudinal changes in cortical thickness

EOAD-HCB showed longitudinal cortical thinning in posterior rather
than anterior regions compared to HC (p < 0.01 cluster-wise corrected;
Fig. 1B). Areas affected at baseline continued changing over 2 years and
additional longitudinal atrophy was found in the bilateral MTL,
including the entorhinal and parahippocampal regions, fusiform,
insular, lateral occipital and lingual regions.

Using global CTh measures, we observed greater longitudinal CTh

B.Longitudinal analysis EOAD < HC
Right hemisphere

M Cluster 1 H Cluster 2
Left hemisphere

H Cluster 1 P <0.01 corrected

Fig. 1. Vertex-wise maps of the differences between EOAD-HCB and HC in (A) cortical thickness at baseline and (B) cortical thickness spc at two years. Significant
clusters of gray matter loss are shown in light and dark blue, EOAD < HC with a corrected p < 0.01. The results are represented on the fsaverege model. At baseline
(A), the EOAD-HCB participants exhibited lower CTh than HC in three clusters, one in the right hemisphere (size = 13,262.72 mm?) and two in the left hemisphere
(light blue = 3,182.41 mm? and dark blue = 1,2555.52 mm?). At two years (B), EOAD-HCB showed lower spc in three cluster, two in the right hemisphere (dark blue
= 3,777.76 mm? and light blue = 30,742.5 mm?) and one in the left hemisphere (size = 44424.55 mm?). Abbreviations: EOAD, early-onset AD; HCB, Hospital Clinic
Barcelona; HC, healthy controls; CTh, cortical thickness; spc, symmetrized percent change. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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A. Subcortical volume at baseline
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B. Subcortical volume spc
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Fig. 2. Significant differences between EOAD-HCB and HC in (A) subcortical gray matter volume at baseline and (B) subcortical volume spc at two years. *p-values
< 0.002. Statistical analyses have been performed with Mann-Whitney U test and corrected for multiple comparisons with the Bonferroni’s method. Abbreviations:
EOAD, early-onset AD; HCB, Hospital Clinic Barcelona; HC, healthy controls; spc, symmetrized percent change.

loss in both hemispheres in EOAD-HCB compared to HC (p < 0.000001),
with no differences between hemispheres (p = 0.59). However, we
observed asymmetries in the topography of longitudinal atrophy in the
spc maps. In the left hemisphere, cortical loss involved language-related
areas such as the pars opercularis and the transverse temporal gyri,
while right atrophy spread further into the visual cortex (cuneus) and
prefrontal areas. Compared to HC, the greatest rates of cortical thinning
in EOAD-HCB were found in the bilateral entorhinal, right fusiform, left
precuneus and bilateral parahippocampal regions (all p < 0.00074;
Table 2, Supplementary Table 3). When using the rate of change as
measure of longitudinal CTh loss results did not change (all p < 0.00074,
Supplementary Table 4).

3.4.2. Symmetrized percent change in subcortical volume

In two years, the EOAD-HCB group showed volume loss in regions
beyond the MTL, including the bilateral hippocampus, amygdala, thal-
amus, cerebellum GM, and left caudate and putamen regions. This loss
was accompanied by a bilateral enlargement in the lateral and inferior-
lateral ventricles (all p < 0.002, Bonferroni-corrected; Fig. 2B, Supple-
mentary Table 5). The greatest reductions were observed in the bilateral
hippocampus, amygdala, thalamus and left caudate regions (Table 2).
Using the rate of change instead of the spc, the subcortical regions that
exhibited longitudinal atrophy remained the same (all p < 0.002, Sup-
plementary Table 6), except the left pallidum (p = 0.0025).
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Table 2
Symmetrized percent change (%) of regions that exhibited greater longitudinal
atrophy.

Region EOAD-HCB HC p value
Right entorhinal —12.5(4.3) —0.4(2.9) 0.00000005
Left entorhinal -12.1(5.3) —0.6(1.9) 0.00000003
Right fusiform —8.9(4.7) -0.1(1.8) 0.00000009
Left precuneus —8.6(4.5) -0.7(2.2) 0.00000032
Right parahippocampal —8.5(6.4) 0.1(1.8) 0.000011
Left parahippocampal —8.2(4.2) 0(2.5) 0.0000048
Right hippocampus —14(5.9) -1.5(3.7) 0.000001
Left Amygdala -12.3(7.3) —0.5(3.8) 0.0000002
Left hippocampus —10.4(6.3) -1(1.7) 0.0000084
Right amygdala —10.4(5.8) —2.2(6) 0.0000184
Left Caudate —8.9(8.8) -1.2(1.6) 0.0002964
Left Thalamus -7.3(3.9) -1.2(1.7) 0.0000084
Right thalamus -7.3(3.9) -1.3(1.3) 0.0000064

NOTE. Data are presented as mean (standard deviation). Abbreviations: EOAD,
early-onset AD; HCB, Hospital Clinic; HC, healthy controls. Additional infor-
mation can be found in Supplementary.

3.5. Correlation between baseline and longitudinal GM changes and
initial CSF biomarkers

3.5.1. Baseline and longitudinal CTh changes and initial CSF biomarkers in
EOAD-HCB cohort

At baseline, no correlations were found between the regions that
exhibited cortical loss and the CSF biomarkers levels in EOAD-HCB (p >
0.05). At two years, initial CSF Ap42 levels showed a negative correla-
tion with longitudinal CTh loss in areas of the right hemisphere (cor-
rected p < 0.05; Fig. 3A). CSF p-tau, t-tau or NfL levels did not yield any
significant results (p > 0.05).

High levels of Ap42 in EOAD patients correlated with accelerated
cortical thinning in two clusters, covering the right superiorparietal,
precuneus, lingual and isthmus cingulate cortices (cluster 1: p = -0.85);
and the right precuneus, posterior cingulate and paracentral cortices
(cluster 2: p = -0.83). When we studied the spc within these regions, as
obtained with the atlas-based measures, high CSF Af42 levels in EOAD-
HCB correlated with faster cortical thinning in the right precuneus (p =
-0.78, p = 0.0047) and superior parietal regions (p = -0.59, p = 0.049)
(Fig. 3B).

In addition, when including EOAD-HCB and HC subjects in a single
correlation analysis, we found that baseline levels of CSF biomarkers
(Ap42, t-tau, p-tau, NfL) correlated with the CTh spc measures in the
majority of cortical regions. In this case, higher CSF Af42 levels were
correlated with less atrophy over two years in all regions that showed
longitudinal atrophy, except left cuneus and left putamen; higher t-tau,
p-tau and NfL levels were correlated with higher longitudinal atrophy in
all regions (all p < 0.05, Supplementary Table 7).

3.5.2. Baseline and longitudinal changes in subcortical volumes and initial
CSF biomarkers in EOAD-HCB cohort

In EOAD-HCB, higher initial CSF NfL levels were correlated with
higher volume of the left lateral ventricle at baseline (p = 0.59, p =
0.049; Supplementary Fig. 3). In contrast, higher baseline CSF t-tau
levels correlated with greater volume loss over two years in left amyg-
dala (p =-0.601, p = 0.042; Fig. 3B (p = 0.59, p = 0.049; Supplementary
Fig. 3). CSF Ap42 or p-tau levels did not showed any significant corre-
lation with baseline measures or longitudinal atrophy. On the other
hand, when including EOAD-HCB and HC in the analysis, initial CSF
biomarkers correlated with longitudinal atrophy. As expected, higher
CSF Ap42 were correlated with less atrophy over two years, except left
putamen; higher t-tau levels were correlated with higher longitudinal
atrophy in all the regions except left caudate; higher p-tau levels were
correlated with higher longitudinal atrophy except left cerebellum cor-
tex; higher NfL were correlated with higher longitudinal atrophy in all
the regions (all p < 0.05, Supplementary Table 8).
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3.5.3. Longitudinal GM changes and initial CSF biomarkers in ADNI cohort

In EOAD-ADNI but not in LOAD-ADNI, higher CSF AB42 levels at
baseline correlated with accelerated cortical loss over the next two years
in the right precuneus (p = -0.6, p = 0.026) and right superior parietal
regions (p = -0.54, p = 0.048) (Fig. 3B). In contrast, we found that high
CSF t-tau values at baseline correlated with greater volume loss in the
left amygdala in LOAD-ADNI (p = -0.374, p = 0.0051; Fig. 3B), but not
in EOAD-ADNI.

The available 18F-AV-45 (Florbetapir) PET SUVR in right precuneus
and superior parietal regions, parietal lobes and whole brain did not
correlated with the atrophy rates of the above regions in EOAD-ADNI (n
= 14, Supplementary Table 9). In EOAD-ADNI (n = 8), the annualized
rate of change in CSF Ap42 levels (mean = -30.6, standard deviation =
61.8) did not show significant correlation with right precuneus or
superiorparietal spc. Furthermore, the CSF t-tau annualized rate of
change (mean = 3.9, standard deviation = 28) was also not correlated
with left amygdala (p > 0.05) in LOAD-ADNI (n = 33). No significant
correlations were observed between the interval between the first MRI
and the lumbar puncture and CSF levels or spc decline, neither in EOAD-
HCB nor in EOAD-ADNI/LOAD-ADNI (p > 0.05).

4. Discussion

We performed a prospective 3T-MRI study to track CTh and GM
volume changes in EOAD. First, we analyzed the pattern of initial at-
rophy in EOAD to describe which regions were preserved or atrophied at
baseline and which presented longitudinal atrophy. We showed that
posterior cortices, together with the hippocampus and the amygdala,
were the most affected regions at the time of diagnosis. The longitudinal
analysis at 2 years showed that progressive atrophy spreads throughout
the neocortex with a posterior-to-anterior gradient and beyond the
initial subcortical structures. Finally, we observed that, within the
pathological range, initial CSF AB42 levels closer to the to the normality
threshold were associated with accelerated cortical loss in posterior
regions in EOAD whereas higher baseline t-tau levels correlated with
greater rates of volume loss in MTL subcortical structures in EOAD and
LOAD samples.

At baseline, we described lower CTh in EOAD in the bilateral pari-
etal, precuneus, and posterior cingulate as well as in the lateral temporal
lobes and right occipital cortices. Previous cross-sectional MRI studies
have also found widespread brain atrophy in EOAD, particularly in
parietotemporal areas when compared to LOAD (Aziz et al., 2017; Falgas
et al., 2020; Harper et al., 2017; Moller et al., 2013; Ossenkoppele et al.,
2015a). We found that the thickness of the entorhinal and para-
hippocampal cortices was preserved at the time of diagnosis, in conso-
nance with studies describing greater pathological burden (Murray
et al.,, 2011; Whitwell et al., 2012) and greater Tau deposit outside the
MTL at younger ages (Joie et al., 2020; Scholl et al., 2017). In addition,
our results describing lower volumes in the hippocampus and amygdala
in EOAD also agree with previous studies on subcortical structures
(Cavedo et al., 2014; van de Pol et al., 2006).

Amyloid deposits are first observed in the isocortex and then in
subcortical structures while NFTs accumulate in the MTL before
neocortical involvement (Braak and Braak, 1991; Hyman et al., 2012).
We found that EOAD patients show atrophy in isocortical areas whereas
the entorhinal/parahippocampal cortices were spared at early stages.
This suggests a specific pattern of atrophy for patients with EOAD in
which the MTL might be less influenced by other processes associated
with aging (Savva et al., 2009). The posterior-to-anterior gradient is
consistent with previous longitudinal MRI studies analyzing structural
changes according to age at onset (Fiford et al., 2018; Joie et al., 2020;
Thijssen et al., 2020). In subjects without biomarkers characterization,
Cho et al. found cortical loss throughout the cortex over three years (Cho
et al., 2013a) whereas Migliaccio et al. found that volume loss spread
from the hippocampus and parietotemporal cortices to the precuneus
and isthmus cingulate regions, and the MTL cortices were spared over
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A correlation between CTh spc and C SF AB 42 Fig. 3. (A) Vertex-wise maps of correlations between
) the cortical thickness spc and baseline cerebrospinal
nght hemisphere fluid Ap42 levels in EOAD-HCB (p < 0.05 cluster-

wise corrected; clusterl size = 3461.18 mm?; clus-
ter2 size = 1891.24 mm?). (B) Significant correla-
tions between the regional rates of gray matter
atrophy in EOAD-HCB, EOAD-ADNI and LOAD-ADNI
and the baseline cerebrospinal fluid biomarkers
levels. Abbreviations: CTh, cortical thickness; spc,
symmetrized percent change; Ap42, amyloid p42;
EOAD, early-onset AD; HCB, Hospital Clinic Barce-
lona; ADNI, Alzheimer’s disease neuroimaging
initiative; t-tau, total tau.

Il p<0.05 corrected

B. Correlation between rates of atrophy and CSF
biomarkers in HCB and ADNI samples
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one year (Migliaccio et al., 2015). Volume loss in subcortical structures
beyond the MTL is in line with previous reports (Cho et al., 2013b; Fiford
et al., 2018) and some authors even suggest specific pathomechanisms
for subcortical atrophy in EOAD (Lee et al., 2020).

Although the MTL presented the greatest rates of CTh and subcortical
GM loss at the longitudinal level, atrophy was only detectable in
subcortical structures at the time of diagnosis. The precuneus, isthmus
cingulate, and lateral parietotemporal regions had reduced CTh at the
time of the diagnosis and accelerated cortical loss over two years. Here,
we reinforce the idea that the posterior associative regions might better
capture cortical loss in EOAD than the MTL (Hamelin et al., 2015). The
precuneus and posterior cingulate are early sites of amyloid deposition
and had been implicated in changes of the default mode network at early
AD phases (Palmqvist et al., 2017). In addition to an age effect, the more
focally posterior GM changes in the neocortex could be influenced by the
low number of APOE €4 carriers in our cohort (Mattsson et al., 2018).

Higher CSF Ap42 levels, within pathological range, were associated
with faster cortical loss in precuneus and superior parietal cortices in the
two EOAD cohorts, but not in LOAD subjects. CSF Ap42 levels have been
related to EOAD GM loss in cross-sectional studies (Falgas et al., 2020;
Ossenkoppele et al., 2015b). Although AD biomarkers of neuro-
degeneration become abnormal after amyloid biomarkers (Jack et al.,
2018), rates of atrophy might accelerate before the conventional
thresholds of CSF Ap42 positivity (Insel et al., 2016). In preclinical
stages, transitional CSF AB42 values are related to increased CTh in
temporoparietal and precuneus regions (Fortea et al., 2011) and a
reduction in the rates of brain atrophy is followed by an acceleration of
cortical loss once CSF Tau levels increase (Pegueroles et al., 2017). Here,
we found a counterintuitive correlation between amyloid and CTh spc
for the two EOAD samples. One possible explanation could be that the
rates of cortical loss observed in subjects close to the AB42 positivity
threshold reflect greater inflammation in vulnerable regions due to
accelerated deposit of amyloid once levels become abnormal (Kreisl
et al., 2013; Ossenkoppele et al., 2012). Amyloid pathology precedes
and activates microglia (Parbo et al., 2018) and the dual peak hypothesis
of neuroinflammation in AD suggests that an early peak in activated
microglia is initially protective, attempting to remove Af, whereas a
later peak is detrimental (Fan et al., 2017). On the other hand, higher
inflammation in medial temporal regions and the hippocampus has been
negatively associated with hippocampal volume in [11C]PK11195-PET
and MRI studies (Femminella et al., 2016). Here, initial CSF Af42
levels might correlate with neuroinflammation in EOAD, predicting an
acceleration of atrophy due to activated microglia. In addition, in our
cohort, EOAD subjects that exhibited higher pathological levels of AB42
also presented higher t-tau levels, maybe suggesting higher degree of
neurodegeneration. Our results cannot indicate cause-effect relation-
ships but suggest that amyloid-dependent neurodegeneration might be
related to the observed progressive cortical thinning in EOAD subjects.
Both EOAD samples showed differences in the proportion of APOE car-
riers and MMSE scores. This suggests that the relationship between CSF
Ap42 levels and the cortical thinning could be observed in EOAD pa-
tients with MCI and mild dementia regardless of the APOE genotype.
Although previous studies have reported a dose-dependent CSF Af42
effect in APOE €4 LOAD patients, the available evidence exploring this
effect in EOAD is limited (Kaur et al., 2020). In addition, previous
studies have reported that the correlation between amyloid-PET and
cortical thickness is typically poor (Whitwell et al., 2018). Although
both CSF AB42 and amyloid PET are valid biomarkers of brain Ap-plaque
load, our findings, as whole, contribute to highlight the complex re-
lationships at the regional level between atrophy and amyloid bio-
markers. Novel image coregistration techniques might improve the
sensitivity of the detection of a correlation between amyloid PET and
longitudinal atrophy in MRI (Pillai et al., 2020).

We also observed that NfL or t-tau might be associated with
subcortical volume loss independently of subjects’ age. As previously
proposed across the AD continuum (Fjell et al., 2010), we observed that
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higher t-tau levels at baseline correlated with accelerated atrophy in the
left amygdala in EOAD and LOAD, although not replicated in the two
EOAD samples. In addition, we observed that higher NfL levels at
baseline were related to cross-sectional ventricular enlargement. T-tau/
NfL levels have shown low correlation with cortical thickness, regardless
of the time interval, and these biomarkers might be more related with
other neurodegeneration processes rather than cortical thinning (Boer-
winkle et al., 2021). Despite of CSF t-tau and NfL levels represent N
biomarkers, t-tau might reflect Ap42-dependent subcortical atrophy
while NfL might indicate neurodegeneration independently of amyloid
pathology (Tarawneh et al., 2015; Zetterberg et al., 2016). On the other
hand, we found that p-tau was not correlated with MRI atrophy. How-
ever, p-tau was highly correlated with t-tau and NfL levels, supporting
the notion that p-tau is related with the abnormal phosphorylated state
of tau in AD whereas t-tau reflects the intensity of brain damage (Jack
et al., 2018). Still, p-tau, and the rest of CSF biomarkers used in this
study, correlated with the degree of atrophy over time when EOAD and
healthy subjects were analyzed together. Whether CSF biomarkers
represent a marker of future atrophy associated with underlying pa-
thology must be assessed in further studies.

Similar to other EOAD studies, our main limitation is the relatively
small sample size, which might limit the power to detect further dif-
ferences in atrophy or correlations between CSF biomarkers and atro-
phy. For this reason, we replicated the correlation analysis in two
independent cohorts. The selection criteria in the ADNI cohort might
account for the observed differences between EOAD-ADNI/LOAD-ADNI
and EOAD patients in memory clinic setting, exemplified by higher
number of APOE g4 + cases and better cognitive status in ADNI. Another
strength of our study is the use of CTh measures that may reflect changes
more specific to AD than the previous volumetric analysis which are
more influenced by the effect of aging or other pathologies on white
matter loss (Feczko et al., 2009). Studies in larger EOAD cohorts and
selecting preclinical subjects can expand our results and define the
sequence of early atrophy.

5. Conclusion

We characterized progressive cortical thinning and subcortical vol-
ume loss in biologically well-characterized EOAD patients and young
controls. We showed that posterior cortices, hippocampus and amygdala
capture better the progressive atrophy in EOAD at early stages than the
MTL. Our study narrows the field of brain areas for disease tracking,
providing a valuable prior constraint on future hypothesis testing. More
research is required to understand age-related mechanisms for atrophy
spreading and the relationship between the pattern of atrophy and CSF
biomarkers.
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