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1 | INTRODUCTION

Advances in the health care of adults with Down syndrome (DS), one
of the most common causes of intellectual disability (ID),* has resulted
in the life expectancy in DS to exceed 60.2 However, by age 40, most
adults with DS develop Alzheimer’s disease (AD)-related pathology,
and many develop clinical symptoms of dementia by age 60.% The high
incidence of AD in people with DS is due to the triplication of the amy-
loid precursor protein (APP) gene, which is located on chromosome 21.
APP causes extracellular deposition of the amyloid beta (AB) peptide in
the form of AB plaques®*, which may accumulate on white matter (WM)
fibers or cause stress to surrounding cells and may also be cytotoxic
to WM. WM changes play an important role in late-onset AD among
neurotypical adults and occur in adults with DS, including in those with
mild cognitive impairment (MCI).6” However, little is known about WM
integrity in cognitively stable (CS) adults with DS.

Neurofilament light chain (NfL) is a cytoskeletal protein found
within large, myelinated axons in cerebral WM.8 It is released into the
cerebrospinal fluid (CSF) and blood following axonal damage and can
be indicative of neurodegeneration.? Plasma NfL concentration is a
potential diagnostic, prognostic, and predictive biomarker for a vari-
ety of neurological disorders, including AD.? In DS, plasma NfL may
be one of the earliest biomarkers to change before a clinical AD diag-
nosis, as early as 20 years prior to clinical diagnosis.’® Plasma NfL
concentration also increases at a significantly faster rate in adults with
DS than in matched neurotypical adults.’? Increases in plasma and/or
CSF NfL concentration can differentiate DS adults with MCI-DS/AD
dementia (AD-DS) from those who are CS (ie, individuals without any
evidence of cognitive decline).1213 Several studies have found associa-
tions between plasma concentration of NfL and indices of WM integrity
in other neurodegenerative disorders.'*15 However, few studies have
focused on individuals without dementia. Such studies could provide
important insights into early pathological processes that could herald
AD; this possibility is especially true in the DS population, where such
associations could provide a strong rationale for early interventions
aimed at preventing or delaying onset of AD.

In this study, we evaluated associations between WM microstruc-
ture in CS adults with DS and plasma NfL concentrations. We hypothe-
sized that associations between these two measures would be specific
to WM tracts we previously identified as selectively vulnerable in CS
adults with DS, including the corpus callosum, cingulum, inferior lon-
gitudinal fasciculus (ILF), and superior longitudinal fasciculus (SLF).6”
Our findings provide support for widespread changes in WM integrity
in CS adults with DS that are associated with elevations in NfL, sug-
gesting that early pathological processes are already under way in CS
adults with DS. Moreover, they suggest that early intervention may be
necessary to prevent or delay onset of AD in DS.

2 | METHODS
21 |

Participants

Thirty CS adults with DS and mild to moderate ID from the multi-
site Alzheimer’s Disease in Down Syndrome (ADDS) study, part of

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the lit-
erature using traditional (eg, PubMed) sources and
meeting abstracts and presentations. White matter
(WM) microstructural alterations have been reported in
Alzheimer’s disease (AD)-related degeneration in adults
with Down syndrome (DS). However, the onset of such
WM changes in DS has not yet been widely studied.

2. Interpretation: Our findings of WM microstructural
properties (including fractional anisotropy, radial diffusiv-
ity, axial diffusivity, and mean diffusivity) correlated with
plasma neurofilament light chain (NfL) concentrations in
cognitively stable (CS) DS adults provide evidence that
NfL may reflect early, selective WM changes in adults
with DS at high risk of developing AD.

3. Future directions: Longitudinal studies to track progres-
sive WM microstructural changes starting with CS adults
with DS could provide a biomarker for early intervention.

the Alzheimer’s Biomarker Consortium-Down Syndrome (ABC-DS;
https://www.nia.nih.gov/research/abc-ds), were included in the anal-
yses. All data were collected using a study-specific code to ensure
participant privacy. Clinical status was classified generally consis-
tently with recommendations of the American Association of Mental
Retardation- International Association for the Scientific Study of men-
tal Deficiencies (AAMR-1ASSID) Working Group for the Establishment
of Criteria for the Diagnosis of Dementia in Individuals with Devel-
opmental Disability.2¢1” A CS designation indicated the absence of
any clinically significant cognitive decline, confirmed by caregiver
reports. Massachusetts General Hospital (MGH), University of Cali-
fornia, Irvine, and Columbia University/New York State Institute for
Basic Research in Developmental Disabilities served as enrolling sites.
Inclusion criteria for the study were as follows: (1) >40 years of age at
baseline, (2) estimated premorbid IQ > 30, (3) trisomy 21 as confirmed
by genetic testing, and (4) English speaker. Participants underwent
diffusion-weighted imaging (DWI) and blood collection for plasma NfL
concentration measurements.

Consent statement: All procedures were approved by the respective
Institutional Review Boards and informed consent and/or assent was
obtained for each participant. The work was carried out in accordance
with the Declaration of Helsinki.

2.2 | Plasma NfL measurement

Plasma NfL concentrations were measured using a single molecule
array (SIMOA) analyzer, as previously described.’® The lower limit of
detection (LLOD) was determined at a concentration of 2.5 standard
deviations above the background measurement. For NfL, the LLOD was

0.038 pg/mL and the coefficient of variance was 0.038.
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2.3 | MRI acquisition and preprocessing

Scans were acquired at the three sites on Siemens Prisma 3T scan-
ners equipped with the same software using identical protocols and
a 32-channel head coil. DWI was performed twice with reversed
phase-encoding blips, using a multishell echo-planar imaging protocol
(repetition time = 3230 ms, echo time = 89.2 ms, flip angle = 78°,
b = 5, 1500, 3000 s/mm?2, voxel size 1.5 mm? isotropic, image matrix
size 140 x 140 x 92, field of view 210 x 210 mm), each produc-
ing 92 diffusion-weighted images with seven b0 images interspersed
throughout.

From these pairs of images, the susceptibility-induced off-
resonance field was estimated using a method similar to that
described in Andersson et all® and as implemented in FSL
(https://fsl.fmrib.ox.ac.uk/fsl/),2° and the two images were combined
into a single corrected one. The eddy tool in FSL was used to correct
for eddy current-induced distortions and subject movements?! and to
detect outlier slices and replace them with non-parametric predictions

made by the Gaussian process underlying eddy.2!

2.4 | Tracts of interest analysis
Eddy-corrected DWI data were uploaded to DSI Studio (http:/
dsi-studio.labsolver.org/) for quality control using exclusion criteria
outlined in Yeh et al.?2 and subsequent tractography. Neighboring
DWI correlation and the number of slices with signal dropout were
inspected as measures of quality. Neighboring DWI correlation was cal-
culated as the correlation between DWI volumes with similar gradient
direction. The number of slices with dropout was evaluated as a per-
centage of the total number of slices in the scan (in the present study,
198 frames x 92 slices per frame = 18,216 slices). Three participants
whose neighboring DWI correlation was less than three median abso-
lute deviations or who had signal dropout in more than 0.1% of the total
number of slices (ie, > 18 slices) were excluded from further analysis.
DWI data were reconstructed in Montreal Neurological Institute
(MNI) space using g-space diffeomorphic reconstruction (QSDR) to
obtain the spin distribution function (SDF)23 with a diffusion sampling
length ratio of 1.25. Automatic fiber tracking was performed to track
the cingulum, corpus callosum, ILF, SLF, corticostriatal, and corticotha-
lamic pathways, using a deterministic fiber-tracking algorithm,2* as
these were previously identified as selectively vulnerable in DS. Each
subject’s quantitative anisotropy (QA) map was normalized to the MNI
QA map, and the Human Connectome Project-842 tractography atlas
was used to guide track recognition?> and topology-informed pruning
to filter out false tracts.?? A seeding region was placed at the pathway
of interest and tracking was performed with an anisotropy threshold
randomly selected from 0.6 to 0.8 Otsu’s threshold, an angular thresh-
old randomly selected from 15° to 90° and step size randomly selected
from 0.5 to 1.5 voxels. Tracts with length shorter than 30 or longer
than 300 mm were discarded. A total of 10,000 tracts were calculated
for each pathway, and the following parameters were extracted from
each participant for further statistical analysis: average axial diffusiv-
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ity (AxD), which measures diffusion along the preferential direction of
diffusion; radial diffusivity (RD), which measures the magnitude of dif-
fusion orthogonal to the preferential direction; fractional anisotropy
(FA), which refers to the degree in which there is a preferential direc-
tion in the diffusion of water molecules; and mean diffusivity (MD),
which refers to the rotationally invariant magnitude of water diffusion
within brain tissue values were extracted from each participant for sta-
tistical analysis. Higher AxD, RD, MD, and lower FA reflect altered WM
microstructural integrity.

2.5 | Positron emission tomography acquisition and
analysis

Positron emission tomography (PET) scans were acquired on a Siemens
3T Biograph mMR PET/MRI scanner using a protocol optimized for col-
lection from adults with DS. Approximately 10 mCi of florbetapir was
injected and scanning was initiated 50 min after injection and scanning
was done for a period of 20 min. Simultaneously collected high-
resolution T1-weighted scans were superimposed on the PET scans
to achieve co-registration. PET scan reconstruction was performed
using a 3D ordinary Poisson ordered subset expectation maximization
(3D OP-OSEM) algorithm with attenuation correction.2é Centiloid (CL)

values were determined as reported previously.2”

2.6 | Statistical analyses

Spearman correlations, their corresponding 95% confidence intervals,
and p values were computed to summarize the monotonic associa-
tion between plasma NfL concentration and each diffusion measure by
tract. False discovery rate (FDR)-adjusted p values were computed to
account for multiple comparisons. FDR-adjusted p values <.1 were con-
sidered statistically significant, but values <.05 were also highlighted.
As asecondary exploratory analysis, we repeated the calculation of the
Spearman correlations among subjects with CL values >20 as a cut-
off for amyloid positivity.28 Given the small sample size, p values were

omitted from these secondary analyses.

2.7 | Diffusion MRI connectometry

For whole-brain exploratory analysis, diffusion MRI connectometry??
was used to study the association between plasma NfL concentra-
tion and diffusion measures using methods outlined by Yeh et al.23
A T-score threshold of 2.5 was assigned to select local connectomes
using a deterministic fiber-tracking algorithm?* to obtain correla-
tional tractography. The tracts were filtered by topology-informed
pruning?? with two iterations. A length threshold of 20 mm was
used to select tracts showing significant associations with plasma
NfL concentration, which was quantified using a permutation test.
FDR-adjusted p values were also computed to account for multiple

testing.
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TABLE 1 Subject Demographics.

Characteristic Overall (N = 30)

Sex
Male 18 (60.0)
Female 12 (40.0)
Age
Median (IQR) 47.0[43.0,49.8]
Intellectual disability
Mild 18 (60.0)
Moderate 12 (40.0)
Plasma NfL 15.3[12.1,21.9]
Centiloid
Median (IQR) 40.5[6.7,56.7]
<20 6(30.0); 20
>20 14(70.0); 20

Abbreviations: IQR, interquartile range; NfL, neurofilament light chain.

3 | RESULTS

3.1 | Demographics and participant characteristics
Thirty CS DS subjects were recruited; 12 (40%) were female, 18
(60%) had mild ID, four (13%) were ApoE ¢4 positive, and the median
(interquartile range [IQR]) age was 47.0 (43.0 to 49.8). All partici-
pants had classical trisomy 21. The median (IQR) NfL plasma was 15.3
(12.1, 21.9). CL values were available for 20 subjects; 14 (70%) had a
value >20. The demographic traits of the study cohort are presented in
Table 1.

3.2 | Correlations with plasma NfL

Table 2 provides the Spearman correlations between tracts of interest
and plasma NfL concentration. There were significant positive associ-
ations between RD and NfL concentration in all fiber tracts studied.
The magnitude of these associations ranged from 0.42 in the corpus
callosum to 0.56 in the left (L) cingulum. Similar positive associa-
tions were observed between all MD and NfL concentration for all
tracts, ranging from 0.37 (L ILF) to 0.53 (L cingulum). Associations
between AxD and NfL concentration were observed in all tracts, except
L ILF, ranging from 0.33 (L cingulum) to 0.41 right (R) (R corticos-
triatal). There was an inverse relationship between FA and NfL in
all tracts, except L SLF and L corticostriatal, and ranged from —0.34
(L ILF) to —0.51 (L cingulum). Qualitatively, there were no signifi-
cant hemispheric differences between the tracts from the respective
hemispheres.

Among subjects with CL values >20, similar patterns were observed
(Table 3). These correlations ranged from 0.38 to —0.56 (AxD), 0.49 to
0.66 (RD), —0.30 to —0.65 (FA), and 0.51 to 0.73 (MD).

3.3 | Connectometry analysis

We performed an exploratory whole-brain analysis to evaluate other
potential associations between diffusion measures and NfL concentra-
tions (Figure 1).

We found significant positive associations (FDR < 0.05) between
AxD and plasma NfL in bilateral acoustic radiations, bilateral frontal
and temporal u-fibers, and R cerebellum, as well as the tracts that we
had identified a priori, including bilateral corticothalamic and corticos-
triatal pathways, corpus callosum, L cingulum, and L SLF (Figure 1A).
We also found other significant positive associations between RD
and plasma NfL in bilateral parietal and temporal u-fibers, R optic
radiation, L arcuate fasciculus, R frontal aslant tract, and R cerebel-
lum (Figure 1B). Significant positive associations between MD and
plasma NfL were found additionally in bilateral temporal and parietal
u-fibers, R optic radiation, L arcuate fasciculus, L frontal aslant tract,
bilateral acoustic radiations, R fornix, and bilateral uncinate fascicu-
lus (Figure 1D). We were unable to detect any inverse correlations
between these three measures and plasma NfL. In contrast, we found
significant inverse associations between FA and plasma NfL in the R
fornix and R cerebellum in addition to the L corticostriatal pathway,
bilateral corticothalamic pathways, corpus callosum, and R cingu-
lum (Figure 1C). We were unable to detect any positive correlations

between FA and plasma NfL.

4 | DISCUSSION

Our findings support the concept of an important link between alter-
ations in WM integrity and widespread axonal degeneration in CS
adults with DS. We demonstrate that WM microstructural properties
are associated with axonal degeneration as operationalized by plasma
NfL concentration. These results suggest that WM integrity in DS is
altered early, before the clinical expression of cognitive deficits asso-
ciated with AD. Specifically, we found negative correlations between
NfL concentration and FA and positive correlations of NfL concentra-
tion with AxD, RD, and MD. Associations between diffusion measures
and NfL echo previous studies demonstrating that the corpus callosum
and limbic pathways (including the fornix) are particularly suscepti-
ble to degeneration in presymptomatic autosomal-dominant AD gene

carriers,30:31

suggesting a parallel between AD-DS and non-DS famil-
ial AD. We also found correlations that imply altered integrity in
the ILF and SLF, two key late-myelinating pathways. This finding
is consistent with the retrogenesis model of AD, which postulates
that late-myelinating fibers are more vulnerable to degeneration than
early-myelinating fibers®? and builds on existing evidence that early
changes in myelin play a key role in DS neuropathology.3®

Associations between the microstructural integrity of the cingu-
lum, which has been shown to be reduced in children with DS,”%*
and NfL suggest that there may also be a link between neurodevel-
opmental alterations and risk of AD pathology. This is supported by
our exploratory analyses, which identified associations between diffu-
sion measures and NfL in additional regions. For example, the frontal
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TABLE 2 Spearman (p) correlations between neurofilament light chain and white matter tract.

AxD RD FA MD

Location £(95% Cl) p £(95% Cl) p £ (95% Cl) p £(95% Cl) p
Corpus callosum  0.36(0.00,0.64) 0.051* 0.42(0.07,0.68) 0.022** -0.35(-0.63,0.01) 0.056* 0.41(0.06,0.67) 0.024**
L cingulum 0.33(-0.04,0.61) 0.078* 0.56(0.26,0.77) 0.001** -0.51(-0.74,-0.19) 0.004** 0.53(0.21,0.75) 0.003**
R cingulum 0.39(0.04,0.66) 0.033* 0.52(0.20,0.74) 0.003** -0.42(-0.68,-0.07) 0.022** 0.49(0.16,0.72) 0.006**
LILF 0.25(-0.12,0.56) 0.187 0.42(0.07,0.68) 0.022** -0.34(-0.62,0.02) 0.067* 0.37(0.01,0.64) 0.046*
RILF 0.34(-0.03,0.62) 0.069* 0.47(0.13,0.71) 0.009** -0.40(-0.66,-0.05) 0.028* 0.38(0.02,0.65) 0.038*
LSLF 0.37(0.01,0.65) 0.043* 0.42(0.07,0.68) 0.021** -0.27(-0.57,0.10)  0.153 0.43(0.08, 0.68) 0.019*
RSLF 0.37(0.01,0.65) 0.043* 0.44(0.09,0.69) 0.015** -0.38(-0.65,-0.02) 0.038* 0.45(0.11,0.70) 0.012**
L corticostriatal  0.39(0.03, 0.66) 0.034* 0.44(0.09,0.69) 0.016** -0.31(-0.60,0.06)  0.100 0.41(0.06,0.67) 0.024**
R corticostriatal  0.41(0.05,0.67) 0.026™* 0.44(0.09,0.69) 0.016"* -0.36(-0.64,0.00) 0.052* 0.46(0.12,0.71) 0.010**
L corticothalamic  0.39 (0.04, 0.66) 0.031* 0.43(0.09,0.69) 0.017** -0.32(-0.61,0.04) 0.080* 0.42(0.07,0.68) 0.022**
R corticothalamic 0.38(0.03,0.65) 0.037* 0.43(0.09,0.69) 0.017** -0.36(-0.64,0.00) 0.051* 0.46(0.12,0.70) 0.011**

Note: Reported p values denote unadjusted p values; FDR-adjusted p value < 0.05 are denoted by (*) and < 0.1 (**).
Abbreviations: ILF, inferior longitudinal fasciculus; L, left; R, right; SLF, superior longitudinal fasciculus.

TABLE 3 Spearman (p) correlations between neurofilament light chain and white matter tract among subjects with Centiloid > 20 (n = 14).

AxD RD
0(95%Cl)

0.50(-0.04,0.82)
0.41(-0.16,0.77)
R cingulum 0.47 (-0.08,0.80)
LILF 0.38(-0.18,0.76)

Location
Corpus callosum

L cingulum

RILF 0.48(-0.07,0.80)
LSLF 0.49 (-0.05,0.81)
RSLF 0.48(-0.07,0.81)

L corticostriatal 0.50 (—0.04,0.81)
0.54(0.01,0.83)
0.50(-0.04,0.81)

0.56(0.04,0.84)

R corticostriatal
L corticothalamic

R corticothalamic

0(95%Cl)

0.56 (0.04,0.84)
0.66(0.19,0.88)
0.64(0.17,0.88)
0.55 (0.02,0.84)
0.61(0.12,0.86)
0.49 (~0.05,0.81)
0.55 (0.03,0.84)
0.56 (0.04,0.84)
0.55 (0.02,0.84)
0.53 (0.00,0.83)
0.56 (0.04,0.84)

FA MD
0(95%Cl) 0(95%Cl)
-0.45(-0.79,0.11) 0.59 (0.09,0.85)
~0.65(-0.88, -0.18) 0.73(0.32,0.91)
-0.52(-0.82,0.01) 0.61(0.12,0.86)
-0.31(-0.72,0.26) 0.51(~0.03,0.82)
-0.49(-0.81,0.05) 0.57 (0.06,0.85)
-0.30(-0.71,0.28) 0.60(0.11,0.86)
-0.49(-0.81,0.06) 0.62(0.13,0.86)
-0.36(~0.75,0.21) 0.56 (0.04,0.84)
-0.46 (-0.80,0.09) 0.70(0.27,0.90)
-0.35(-0.74,0.22) 0.56 (0.04,0.84)
-0.46 (-0.80,0.09) 0.72(0.30,0.90)

Note: Given the secondary nature of these analyses and the small sample size, p values are not provided.
Abbreviations: ILF, inferior longitudinal fasciculus; L, left; R, right; SLF, superior longitudinal fasciculus.

u-fibers, aslant fibers,3> and arcuate fasciculus are WM tracts that sup-
port speech and language and have been shown to predict cognitive
decline in the AD spectrum.3¢ Acoustic radiations, especially in chil-
dren and adolescents with DS, have been reported to demonstrate
early deficits in discrimination and auditory memory.3” The cerebellum
is typically hypoplastic in DS but does not typically demonstrate WM
alterations until adulthood.3® Abnormalities of the visual cortex have
been hypothesized to contribute to the decreased visual acuity experi-
enced by some people with DS3? and may reflect the associations we
found in the optic radiations; in addition, the radiations span temporal
and parietal cortical areas, areas that demonstrate early and progres-
sive accumulation of amyloid by PET.%#! Further studies are needed
to elucidate the contribution of neurodevelopmental abnormalities on

neurodegenerative processes in later life.

Greater associations between NfL were also found in individuals
who were amyloid positive but CS, which suggests that Ag 1-42-
mediated toxicity on myelination may be another driver in the patho-
logical model of early axonal degeneration,>*2 or, conversely, myelin
dysfunction may drive AB deposition,*® an active area of investigation.
Overall, we surveyed pathways from all levels of circuitry. Higher-order
association fibers (cingulum, ILF, and SLF), commissural fibers (corpus
callosum), and projection fibers (corticostriatal and corticothalamic
pathways) all displayed evidence of early axonal damage. Simultane-
ous correlations of NfL with AxD, RD, MD, and FA suggest that early
axonal degeneration may reflect combined pathological processes of
demyelination, cerebrovascular disease,** and/or neuronal loss.

Our results build on previous work showing the importance of WM

integrity in AD-DS onset and progression and introduce plasma NfL
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(A) Axial Diffusivity
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FIGURE 1

U-fibers

Fibers showing positive correlations between plasma NfL and AxD (A), RD (B) and MD (D), and inverse correlation with FA (C). FDR

< 0.05 for each. The colors correspond to the direction of the fiber: Red = Left to Right; Green = Anterior to Posterior; Blue = Superior to Inferior.
AF, Arcuate fasciculus; AR, Acoustic radiations; CC, Corpus callosum; CER, Cerebellum; CING, Cingulum; CoStr, Corticostriatal; CoTh,
Corticothalamic; FAT, Frontal aslant tract; OR: Optic radiation; SLF, Superior longitudinal fasciculus; U-fibers; UF, Uncinate fasciculus.

as a marker that can track neurodegeneration early in DS. We show
that early pathology in WM microstructure is already present in non-
demented adults. Early interventions targeting WM integrity may be
critical for preventing AD in DS.

Fibers showing positive correlations between plasma NfL and AxD
(A), RD (B), and MD (D) and an inverse correlation with FA (C).
FDR < 0.05 for each. The colors correspond to the direction of the
fiber: red = left to right; green = anterior to posterior; blue = supe-
rior to inferior. Abbreviations: AR: acoustic radiations; U-fibers; CER:
cerebellum; CoTh: corticothalamic; CoStr: corticostriatal; CC: corpus
callosum; CING: cingulum; and SLF: superior longitudinal fasciculus;

OR: optic radiation; AF: arcuate fasciculus; FAT: frontal aslant tract; UF:
uncinate fasciculus.
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