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RESEARCH ARTICLE

Metabolite Signature of Alzheimer's
Disease in Adults with Down Syndrome

Victor Montal ®,"? |sabel Barroeta,'? Alexandre Bejanirﬂ'2 Jordi IDegLJero|e5,1'2

Maria Carmona-Ilragui,’®?® Miren Altuna,’ Bessy Benejam,? Laura Videla, '
Susana Fernandez,® Concepcion Padilla,’ Mateus Aranha,’ Florencia lulita,'?

Didac Vidal-Pifieiro,* Daniel Alcolea ®,"2 Rafael Blesa,'? Alberto Lled,"? and

Juan Fortea, ®'23 Down Alzheimer Barcelona Neuroimaging Initiative

Objective: The purpose of this study was to examine the Alzheimer’s disease metabolite signature through magnetic
resonance spectroscopy in adults with Down syndrome and its relation with Alzheimer's disease biomarkers and
cortical thickness.
Methods: We included 118 adults with Down syndrome from the Down Alzheimer Barcelona Imaging Initiative and
71 euploid healthy controls from the Sant Pau Initiative on Neurodegeneration cohort. We measured the levels of myo-
inositol (a marker of neuroinflammation) and N-acetyl-aspartate (a marker of neuronal integrity) in the precuneus using
magnetic resonance spectroscopy. We investigated the changes with age and along the disease continuum (asymptom-
atic, prodromal Alzheimer’s disease, and Alzheimer's disease dementia stages). We assessed the relationship between
these metabolites and AB42/AB4o ratio, phosphorylated tau-181, neurofilament light (NfL), and YKL-40 cerebrospinal fluid
levels as well as amyloid positron emission tomography uptake using Spearman correlations controlling for multiple com-
parisons. Finally, we computed the relationship between cortical thickness and metabolite levels using Freesurfer.
Results: Asymptomatic adults with Down syndrome had a 27.5% increase in the levels of myo-inositol, but equal levels
of N-acetyl-aspartate compared to euploid healthy controls. With disease progression, myo-inositol levels increased,
whereas N-acetyl-aspartate levels decreased in symptomatic stages of the disease. Myo-inositol was associated with
amyloid, tau, and neurodegeneration markers, mainly at symptomatic stages of the disease, whereas N-acetyl-aspartate
was related to neurodegeneration biomarkers in symptomatic stages. Both metabolites were significantly associated
with cortical thinning, mainly in symptomatic participants.
Interpretation: Magnetic resonance spectroscopy detects Alzheimer's disease related inflammation and neu-
rodegeneration, and could be a good noninvasive disease-stage biomarker in Down syndrome.

ANN NEUROL 2021;00:1-10

he lifetime risk of symptomatic Alzheimer’s disease

(AD) in adults with Down syndrome (DS) is over
90%." This ultra-high risk is mainly caused by the extra
copy of the amyloid precursor protein gene, coded on
chromosome 21. DS is consequently conceptualized as a
genetically determined form of AD.? The clinical and bio-
marker changes of AD in adults with DS are strikingly

similar to those described in autosomal dominant AD
(ADAD).> DS thus offers, likewise ADAD, a unique
opportunity to determine the sequence of changes from
preclinical AD to symptomatic stages.

The study of regional metabolite levels using proton
magnetic resonance spectroscopy (MRS) has shown poten-
tial to track brain alterations in vivo along the AD
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continuum in sporadic AD.*> There is a strong conver-
gence of findings reporting increases in myo-inositol (ml),
a marker of astrocytosis neuroinflammation, and decreases
in N-acetylaspartate (tNAA), a neuronal marker, with dis-
ease progression in various brain areas.*® This metabolic
signature correlates to both in vivo imaging measures of
amyloidS’G’9 and to postmortem AD pathology.10

The few MRS studies in people with DS have iden-
tified a similar pattern of changes in MRS metabolites,
with increases of ml and decreases of tNAA. These
changes might arise from AD-related pathological alter-
ations, but in the case of ml, could also result from the
presence of the ml transporter gene in the chromosome
21.'"'* However, the temporality of MRS changes with
age and their relationship with core-AD biomarkers and
brain atrophy is still unknown.

Taking advantage of the Down Alzheimer Neuroim-
aging Inidative (DABNI), a large cohort of adults with
DS with available magnetic resonance imaging (MRI),
MRS, positron emission tomography (PET), and cerebro-
spinal fluid (CSF) biomarkers, we aimed to determine the
metabolite levels changes (1) with age, and (2) along
the diagnostic groups of the AD continuum, and assess
the relationship between metabolite alterations, and

(3) core-AD CSF biomarkers, and (4) cortical thickness.

Methods

Participants
This is a single-center cross-sectional study. We recruited
118 adults with DS aged 18 years or older from the
population-based DABNI cohort.” We also included a con-
venience sample of 71 cognitively normal euploid subjects
(controls) from the Sant Pau Initiative of Neu-
rodegeneration SPIN cohort.'” The study was approved by
the Sant Pau Research Ethics Committee, following the
standards for medical research in humans recommended by
the Declaration of Helsinki. All participants or their legally
authorized representatives gave written informed consent.
Adults with DS were clinically evaluated to assess
their clinical and cognitive status, including the adminis-
tration of a semi-structured health questionnaire
(Cambridge Examination for Mental Disorders of Older
People with Down Syndrome [CAMDEX-DS])'* and a
neuropsychological battery including the Cambridge Cog-
nitive Examination for Older Adults with Down’s syn-
drome (CAMCOG-DS) Spanish version.'* As in previous
studies,”" participants were classified during a consensus
meeting between the neurologist and neuropsychologist
into the following clinical groups: asymptomatic (aDS),
when there was no clinical suspicion of AD-related cogni-
tive decline, prodromal AD (pDS), when there was

evidence of cognitive decline due to AD, but no signifi-
cant impact on baseline activities of daily living (ADL),
and AD dementia (dDS) when the cognitive decline
impacted ADL. This classification was blinded to bio-
marker data. Eleven individuals were excluded for having
medical or psychiatric conditions.

1H-MRS Acquisition and Analysis

MRS was performed on a 3T Philips Achieva magnetic
scanner, using the point-resolved spectroscopy single-voxel
(PRESS) sequence, with an echo time of 2,000 ms and
repetition time of 35 ms, flip angle of 90 degrees,
and 1,024 points. The metabolite data profile was
acquired in a 2 X 2 x 1.1 mm voxel placed in a region of
interest (ROI) located in the posterior cingulate cortex
(PCC) and the precuneus. This region was selected due to
its reported sensitivity to detect metabolite differences in
sporadic AD.'® We processed MRS data using Spectros-
copy Analysis Tools (SPANT) version 1.4.0 (https://
martin3141.github.io/spant/index.html), an open-source
R toolbox, which relies on iteratively adapted baseline
fitting of MRS signal based on multiple penalized
splines.'” We preprocessed the raw MRS data removing
the residual water signal using an HSVD filter, and real-
igning the data to 2.01 reference point (tNAA peak). We
then run the SPANT::fit_mrs() with the ABFIT method
to quantify different metabolites, providing measures for
ml, tNAA, and total Cr (TCr). We used the ratio by TCr
(phosphocreatine + creatine) for the two metabolites (ie,
ml and tNAA) in all statistical analyses given the stability of
its resonance peak.® Moreover, TCr did not change along
the age-span in our sample (both DS and controls with
Spearman rho <0.15, data not shown), as previously shown
in the literature.® Moreover, by normalizing with TCr, we
control interindividual differences that might arise from dif-
ferent amounts of water due to atrophy and/or voxel loca-
tion. Quality control criteria included a signal-to-noise ratio
higher than 5, a FWHM lower than 0.15 ppm, and a
Q value (a measure of quality fitting)'® lower than 2. In
addition, SPANT provides estimated SDs (based on
Cramér-Rao lower bounds), which reflect the quality of the
expected fitting. Due to the disease-associated changes, the
SDs in a cohort along the whole AD continuum are
increased with respect to those in homogeneous samples.
Thus, we imposed a liberal threshold of less than 50% of
SDs as a quality criterion. Four participants did not fulfill
the aforementioned quality control criteria.

CSF Acquisition and Analysis
A subset of 73 adults with DS underwent a lumbar punc-
ture to obtain CSF sampling, following international rec-

9

ommendations.”~ We measured core AD biomarkers
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(AB42, AP4o, and phosphorylated tau 181 -pTau) using
the Lumipulse G assays on LUMIPULSE GG600II auto-
mated platform (Fujirebio). In addition, we quantified
CSFE levels of YKL-40 (chitinase-3-like protein 1), a
marker of reactive astroglia in AD,?® and neurofilament
light (NfL), a marker of neurodegeneration,21‘22 using
ELISA Kit MicroVue (Quidel, San Diego, CA, USSA)
and NF-light (UmanDiagnostics, Ume3, Sweden), respec-
tively. All euploid controls had normal core AD bio-
markers levels, assessed in the same conditions and with

the same technique.'?

Amyloid PET Acquisition and Processing

A subset of 38 participants with DS also underwent an
amyloid PET scan using the tracer 18F-florbetapir. We
initially only offered amyloid PET to those subjects that
also consented to CSF analyses due to grant protocol
restraints. We had to stop the florbetapir PET recruitment
due to restricted access in Spain for research. Florbetapir
PET was acquired using a Philips Gemini TF scan
50 minutes after injection of 370 mBq of 18F-florbetapir,
with 2 mm slice thickness and 128 x 128 image size. The
images were processed to obtain a unique value that repre-
sents the global amyloid load in the brain.*” Briefly,
florbetapir PET images were normalized to a standard
space using a two-step registration approach: native
florbetapir image to structural T1-weighted MRI, and
T1-weighted MRI to standard MNI152 template. We
computed a global amyloid PET measure, averaging the
signal across the cingulate, parietal, frontal, and temporal
cortical areas, previously normalized using the whole cere-
bellum as the reference regions. Such global amyloid scalar
value, referenced as Landau’s florbetapir signature
throughout the manuscript, has been shown to accurately
differentiate amyloid positive patients in sporadic AD.

Structural T1-MRI Acquisition and Processing

Structural T1-weighted images were acquired with a
3 Tesla Philips Achieva scanner, using an MPRAGE pro-
tocol with 0.94 x 0.94 x 1 mm voxel resolution, 8.1 ms
and 3.7 ms of repetition time and echo time, respec-
tively, and 160 slices. We computed cortical thickness
using the Freesurfer package version 6.0 (https://surfer.
nmr.mgh.harvard.edu/) following a procedure previously
described.?*?> Briefly, Freesurfer automatically delincates
the white matter and pial surfaces in order to compute a
cortical thickness value for each vertex in the brain. Each
individual cortical thickness map is then normalized to
the standard space (fsaverage) and smoothed using a
gaussian kernel of 15 mm. From the initial set of
108 adults with DS with good quality MRS data, 26

subjects were excluded due to erroneous segmentation.

Montal et al: MRS Signature in Down Syndrome

Statistical Analysis

The age-associated trajectory of each metabolite was
assessed with a within-group linear regression model, as
implemented in the R package.

To assess differences in baseline demographic charac-
teristics and metabolites levels between the diagnostic
groups, we used a Kruskal-Wallis rank sum test, with
pairwise comparisons using the Dwass—Steel-Critchlow—
Fligner test. In addition, for the metabolite analyses, we
controlled for multiple comparisons using the Benjamin
and Hochberg false discovery rate (FDR) method. All
these analyses were performed using the R package
Smt:Expm‘siom.zﬁ

To test the diagnostic performance of each metabo-
lite, we used receiver operating characteristic (ROC) cur-
ves and assessed the area under the curve (AUC) for each
metabolite. We used the Youden’s index to compute the
optimal threshold that differentiates between the clinical
groups.

To investigate the relationship between the metabo-
lite’s ratio levels and AD biomarkers (ie, ratio AB4,/AP4o,
pTau, YKL-40, NfL, and Landau’s florbetapir signature),
we performed Spearman correlation tests both in all adults
with DS and separately in aDS and symptomatic DS (ie,
pooling pDS and dDS together due to the relatively small
sample size). We considered significant those correlations
with a p value < 0.05 after controlling for multiple com-
parisons using the Benjamin and Hochberg FDR test. To
further visualize the stability of our associations, we ran
bootstrap analyses, subsetting and shuffling our DS sample
1,000 times using the R package boor and recomputing
the Spearman Rho estimate using the package ppcor. We
plotted the original estimate and the interquartile range of
these 1,000 permutations.

Finally, to study the association between metabolite
ratios and cortical thickness, we used a general linear
model with sex as a nuisance factor, for each vertex of the
surface, as implemented in Freesurfer. We performed this
analysis for the whole DS sample, and aDS and symptom-
atic patients separately. We controlled for false positive
results using a cluster-extent Monte Carlo approach, also
implemented in Freesurfer.”’ Only results that survived
multiple comparisons (FWE p<0.05) are shown.
Adjusting by age in autosomal dominant AD and DS
studies is a topic of debate, addressed with different
approaches in the literature. In DS, AD pathology is uni-
versal by age 40 years, and the cumulative incidence is
over 90% in the seventh decade. Therefore, the concept
of healthy aging in this population is very problematic and
very difficult to dissect from preclinical AD (e, we cannot
remove the effect of normal aging from that of the disease
process). However, on the other hand, the shared
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association with age of several variables makes the epi-
phenomenological association between such variables
problematic. Hence, in the present study, we decided to
perform both adjusted and unadjusted (by age) statistical
analyses. For the group comparisons, in addition to the
nonparametric approach, we repeated the analyses using
an analysis of covariance (ANCOVA). We also performed
the ROC analyses adjusting by age. For the association
between AD-core biomarkers, we corrected age-related
effect using a partial Spearman correlation. For cortical
thickness analyses, we re-ran the analyses using a GLM
with age as a nuisance factor, as implemented in

Freesurfer.

Results
Sample
The final sample included 71 controls and 103 adults with
DS, of whom 62 were asymptomatic, 21 pAD, and
20 dAD. The Table shows the demographics and bio-

marker data of the participants. As expected, there were

significant statistical differences in age and all biomarker
levels between the different clinical groups.

Changes in MRS Metabolites Profiles along the
AD Continuum in DS

Figure 1A shows the relationship between age and both
ml/TCr and tNAA/TCr in adults with DS and controls.
The mI/TCr was increased in all DS compared with con-
trols, and further increased in the early 40s. The tNNAA/
TCr decreased with age in both adults with DS and con-
trols. Asymptomatic adults with DS showed comparable
tNAA levels as controls, although tINAA levels started to
decrease in their mid-40s.

Figure 1B shows the mI/TCr and tNAA/TCr ratios
along the AD continuum. There were significant group
differences for both mI/TCr (p < 0.001) and tNAA/TCr
(p = 0.002). All the DS subgroups had a higher mI/TC
ratio than controls (p < 0.001 FDR corrected). The pDS
and dDS groups had increased levels compared to aDS
(both with p < 0.01 after FDR corrected), but there were
no significant differences between pDS and dDS. We

TABLE. Participants Demographics

Controls All Down syndrome
N=71) (N=103)
Age 54.3 44.8 (36.9-53.2)
(49.4-57.1)
Sex (N female) 45 39
Total CAMCOG NA 74 (58-83)
CSF APs/ABgo ratio  NA 0.061 (0.042—0.084)
Florbetapir Landau NA 1.16 (1.02-1.3)
Signature (SUVr)
CSF pTau 181 (pg/ml) NA 58.7 (27.9-122.7)
CSF NfL (pg/ml) NA 475.5 (305.4-764.5)
CSF YKL-40 (ng/ml) NA 107.3 (90.4-214.2)

Table shows median value and inter quartiles from the median.

NfL = neurofilament light.

Asymptomatic Prodromal Demented

Down Down Down Statistical

syndrome syndrome syndrome Differences

(N = 62) (N =21) (N=20) (pvalue)

40.2 (31-46.3) 49.8 (44.8-53.6) 54.1 <0.001
(49.9-56.2)

25 7 7 0.118

78 (65-85) 73 (58-78) 52 (39-63) <0.001

0.08 0.041 (0.030-0.051) <0.001

(0.062-0.094) (N =31)

(N = 35)

1.04 (1-1.19) 1.27 (1.21-1.37) 0.002

(N = 24) (N = 14)

29.6 146.4 (96.3-209.6) <0.001

(17.1-56.7) (N = 33)

(N = 40)

353.2 766.3 (684.5-1618.5) <0.001

(201-450.1) (N =28)

(N = 306)

134 (70-178) 206.3 (204.6-323) <0.001

(N = 34) (N =18)

CAMCOG = Cambridge Cognitive Examination for Older Adults with Down’s syndrome; CSF = cerebrospinal fluid; NA = not applicable
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FIGURE 1: The myo-inositol (ml) and N-acetylaspartate (tNAA) changes with age and along the Alzheimer's disease
(AD) continuum in Down syndrome. (A) The association for ml/total creatine (TCr) (left) and tNAA/TCr (right) with age. Lines were
obtained fitting a linear model for each subgroup. (B) Boxplot (median and interquartile ranges) and data-point distribution for
ml/TCr (left) and tNAA/TCr (right) for each subgroup. aDS = asymptomatic Down Syndrome; dDS = Down Syndrome with
dementia; HC = euploid healthy controls; pDS = prodomal Down Syndrome; ** = p < 0.01 FDR corrected; * = p < 0.05 false

discovery rate (FDR) corrected.

identified the same pattern of significant results when
adjusting the comparisons by age. The ROC analyses
showed an AUC of 0.74 (cutoff point = 0.786; confi-
[CI] = 0.76-0.87) and 0.85 (cutoff

dence interval

point = 0.824; CI = 0.77-0.89), when comparing aDS
versus pDS and aDS versus dDS, respectively. For the

tNAA/TCr ratio, the pairwise comparisons only revealed
statistical differences between aDS and dDS (p = 0.001
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FDR corrected). In the ROC analyses, the AUC analyses
showed an AUC of 0.62 (cutoff point = 0.98;
CI = 0.88-1.00) and 0.78 (cutoff point = 0.938;
CI = 0.89-1.03), when comparing aDS versus pDS and
aDS versus dDS, respectively. We found similar results
when adjusting by age. Concretely, for ml, we obtained
an AUC of 0.75 and 0.88 when comparing aDS against
pDS and dDS, respectively, and an AUC of 0.65 and
0.82 when comparing tNAA levels of aDS against pDS
and dDS, respectively.

Metabolite Associations with Core AD and
Inflammatory Biomarkers

We next studied the relationship between both the mI/TC
and tNAA/TC ratios and AD biomarkers (Fig 2). The
ml/TC ratio was significantly associated with amyloid bio-
markers, both with the CSF AB4,/AB4 ratio and with the
Landau’s florbetapir signature in the whole sample of DS
(p < 0.05 FDR corrected for both biomarker). However,
when splitting our sample into subgroups, only those with
symptomatic AD showed a significant association
with CSF AP4,/AP4p ratio. The mI/TC ratio was also sig-
nificantly associated with CSF pTau levels in the whole

sample (p < 0.05 FDR corrected). When splitting the
sample, no association survived multiple comparisons. We
also found a significant positive association between the
ml/TCr ratio and CSF NfL both in the whole sample and
in the symptomatic AD subgroup (p <0.05 FDR
corrected). We did not find any correlation that survived
multiple comparisons between ml/Tcr and CSF YKL-40.
The tNAA/TCr ratio was associated with Laundau’s
florbetapir signature in both the whole sample and in aDS
(both p < 0.05, uncorrected), but these associations did
not survive multiple comparisons. The tNAA/TCr ratio
was also associated with CSF NfL in the whole sample
and in the symptomatic AD subgroup (both p < 0.05,
uncorrected). When adjusting correlations by age using

partial Spearman correlation, we found similar results.

Cortical Thickness is Associated with MRS
Metabolite Alterations

Figure 3 shows the association between the ml/TCr and
tNAA/TCr ratios and cortical thickness in the whole sam-
ple and in symptomatic patients. We found a widespread
pattern of cortical thinning with increasing ml/TC ratios
in AD vulnerable regions, encompassing the precuneus,
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FIGURE 2: The myo-inositol (ml) and N-acetylaspartate (tNAA) correlate with Alzheimer's disease (AD)-core biomarkers.
Association between AD biomarkers and ml/total creatine TCr and tNAA/TCr for the whole sample (left column), prodromal and
Down Syndrome with dementia (central column), and asymptomatic Down Syndrome (right column). Midpoint shows the (partial)
Spearman Rho value for the included sample, whereas the line represents the confidence interval (Cl) for bootstrap with 1,000
permutations. For each biomarker, we compute both the adjusted (age-cov) and no-adjusted (no-cov) Spearman Rho value.
CSF = cerebrospinal fluid; FDR = false discovery rate.
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(AD) continuum in Down syndrome. Cortical surface representation of significant negative (blue) association between ml/total
creatine (TCr) and cortical thickness and positive (red) association between tNAA/TCr. Scatterplots show the associations for the

most significant vertex (marked with black *).

temporo-parietal, and lateral temporal areas bilaterally, the
medial temporal in the right hemisphere, and part of
the medial inferior frontal cortex in the left hemisphere.
This association was mainly driven by symptomatic
patients. Similarly, the tNAA/TCr ratio was associated
with cortical thickness in an overlapping (but less
extended) pattern, both in the whole sample and in symp-
tomatic patients. We found no significant association
between the mI/TC ratio and cortical thickness in the
aDS subgroup, and only a small cluster in the left superior
frontal gyrus for the tNAA/TCr analysis (results not
shown). When adjusting by age, we found a similar pat-
tern of results, even though no cluster-extend multiple
comparisons clusters survived for the tNAA analyses.

Discussion

This study investigated for the first time the MRS changes
with age and along the AD continuum, as well as their
diagnostic performance and association with core AD,
inflammatory biomarkers, and cortical thickness. Metabo-
lite levels are altered in symptomatic AD and are associ-
ated with core AD biomarkers changes in adults with
DS. Despite the lower diagnostic performance

with respect core AD biomarkers, MRS is able to track
AD-related neuroinflammatory and neurodegenerative
changes, and has the advantage with respect CSF or PET
biomarkers, that it could be easily included in the MRI
acquisition in longitudinal studies. MRS could thus be
used as a disease-staging biomarker in DS, with potential
of demonstrating target engagement in disease-modifying
therapies.

This study showed MRS metabolic alterations asso-
ciated with DS and with AD pathophysiology. The
ml/TCr had clear differences even in the youngest asymp-
tomatic individuals (and throughout all ages) with respect
to controls, whereas the tNAA/TCr was unchanged in
asymptomatic individuals. These results underscore the
importance of considering the neurodevelopmental or
constitutive differences in individuals with DS when inter-
preting biomarker results.” The increases of mI in asymp-
tomatic DS individuals are not only a result of aging, as
previously reported for the general population,”®° but
probably also due to the presence of the inositol trans-
porter gene on chromosome 21'* and/or a consequence of

neuroinflammation®! 3

resulting from an increase in
. . Y . .
inflammatory cytokine expression.”* A prior study with a

smaller sample size'’ (17 aDS and 5 dDS) also found
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increases in ml in aDS compared with controls, but was
not able to detect differences between the DS subgroups.
We did find changes both in the mI/TC and tNAA/TC
ratios along the AD continuum. The larger sample size in
our study enabled us the identification of a gradient of
increases along the AD continuum in the ml/TC ratio.
These results are congruent with previous reports in spo-
radic AD, in which participants with mild cognitive
impairment and AD dementia showed increases in the
ml/TC ratio compared to controls.*>”#333¢ The {tNAA/
TC ratio was less sensitive to detect changes with disease
progression. We only found differences in the aDS versus
dDS comparison, in agreement with previous reports.11
Further research positioning the MRS voxel in a more
prominent and early-stage neurodegeneration region, such
as the temporal cortex, might enhance the sensitivity of
tNAA/TCr. Despite the differences between clinical
groups, the ROC analyses for MRS showed lower diag-
nostic performance than plasma or CSF biomarkers.’

This study also assessed the relationship between
MRS metabolite alterations and AD biomarkers. The
ml/TC ratio was more strongly associated with AD bio-
markers than tNAA, and was the only metabolite to sur-
vive multiple comparisons correction. The ml/TC ratio
was associated with amyloid biomarkers (both the CSF
AB4o/AP4o ratio and amyloid PET uptake), CSF pTau,
and CSF NfL levels in the whole sample, and with the
CSF AP4,/AP4 ratio and CSF NfL (and a trend for CSF
pTau levels) in the symptomatic patients. Previous studies
had also found a positive association between ml and
amyloid PET uptake”® or amyloid neuropathology'® in
sporadic AD. In our study, ml was also correlated with
tau and neurodegeneration markers. Although previous
studies in sporadic AD did not find an association
between neurofibrillary tangles and mlI,'® others have
shown a colocalization of neurofibrillary tangles and reac-

tive astrocytes (see Laurent et al’’

for a review), suggesting
a possible association between both markers. Alternatively,
the positive correlation between ml and CSF pTau might
be driven by the group differences along the AD contin-
uum as the association within each subgroup did not sur-
vive the multiple comparison correction in the stratified
analyses. Further studies using in vivo local measures of
tau pathological changes (such as tau PET) might resolve
these discrepancies between CSF biomarkers and postmor-
tem quantifications.

Contrary to our expectations, there were no associa-
tions between ml and CSF YKL-40 levels (only a counter-
intuitive negative association in asymptomatic subjects).
This is surprising given that both ml and YKL-40 have
been proposed as markers of astrocytosis,”* and both are
increased with disease progression.*?® It is possible that

both biomarkers reflect different astrocytic and neuro-
inflammatory responses in AD, or that they track changes
in different astrocyte subtypes.’”® This suggests to us
that the inflammatory processes measured by both bio-
markers are different. The inflammatory response in AD
is complex and probably evolves in different phases along
the disease course. Further research using in vivo markers
of inflammation (such as deprenyl or SMBT-1 PET
tracer) or animal studies will help further understand these
associations. Although no correlation survived multiple
comparisons correction for tNAA, we found significant
(uncorrected) correlations between tNAA and both CSF
NFL levels and florbetapir PET uptake. As expected, the
correlation with amyloid biomarkers were found in
asymptomatic subjects, and the correlation with neu-
rodegeneration in symptomatic subjects.

Metabolite levels are also associated with neu-
rodegeneration. We found an association between both
the mI/TC and tNAA/TC ratios in the precuneus and the
cortical thinning in widespread regions typically affected
in AD. Of note, the AD-vulnerable regions are similar in
sporadic amnesic AD*>*! and DS.>*** These associa-
tions were more prominent in symptomatic stages of the
disease. To our knowledge, it is the first study reporting
these relationships in DS. In sporadic AD, there are some
previous reports assessing the association between MRS
metabolites and local neuroimaging changes in AD. For
instance, a recent work by Sheikh-Bahaei and colleagues’
investigated the local relationship between metabolite
levels and amyloid and FDG PET uptake. Others have
focused on the local relationship between structural imag-
ing alterations and metabolites levels in subcortical regions
and the white matter, using both whole-brain MRS, **4
or investigating specific structures, such as the hippocam-
pus.*® However, no previous study had assessed the
impact of the metabolite signature on the whole cortical
mantle.

The main strength of this study is the inclusion of a
large population-based cohort of adults with DS with
available multimodal biomarker data, including MRS,
MR, florbetapir PET, and CSF biochemical biomarkers.
The population-based cohort of adults with DS with sub-
jects in all the clinical stages of the AD continuum and
the control group helped to disentangle the neu-
rodevelopmental and AD-associated changes. Further-
more, the multimodal assessments helped us to investigate
the relationship with the AD pathophysiology. Despite
the lower diagnostic performance of MRS with respect to
plasma or CSF biomarkers, our results suggest that MRS
can detect neuroinflammatory and neurodegenerative
changes associated with AD in adults with DS. MRS is
more accessible (and far cheaper) than PET studies and
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easier to implement in longitudinal designs than CSF
studies. Therefore, MRS could be used to assess target
engagement or as surrogate markers of efficacy in disease
modifying therapies.

This study also has limitations. Metabolite levels
were assessed in only one specific location using single-
voxel MRS. The acquisition of multi-voxel MRS could
provide further insights into the pattern of metabolite
alterations beyond the precuneus. Moreover, our MRS
acquisition protocol is not suitable to use state-of-the-art
models, such as the MRS-diffusion model, that would
allow the measurement not only of metabolite levels, but
also the measurement of the within-cellular displacement
of metabolites that might change due to glia morphologi-
cal alterations in early stages of the disease.”” In addition,
the discrepancies between ml and CSF YKL-40 suggest
that further work, with more specific cytokine-expression
should be done to understand the origin of the ml alter-
ations. Finally, longitudinal studies are required to better
characterize the longitudinal alterations of these metabo-
lites in a single-subject basis.

In summary, this study supports the use of MRS to
characterize pathophysiological alterations in DS and its
potential to track AD pathophysiology in AD clinical trials
in DS.
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