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Introduction

Abstract

Objective: Alzheimer’s disease (AD) is a major health concern for aging adults
with Down syndrome (DS), but conventional diagnostic techniques are less reli-
able in those with severe baseline disability. Likewise, acquisition of magnetic
resonance imaging to evaluate cerebral atrophy is not straightforward, as pro-
longed scanning times are less tolerated in this population. Computed tomogra-
phy (CT) scans can be obtained faster, but poor contrast resolution limits its
function for morphometric analysis. We implemented an automated analysis of
CT scans to characterize differences across dementia stages in a cross-sectional
study of an adult DS cohort. Methods: CT scans of 98 individuals were ana-
lyzed using an automatic algorithm. Voxel-based correlations with clinical
dementia stages and AD plasma biomarkers (phosphorylated tau-181 and neu-
rofilament light chain) were identified, and their dysconnectomic patterns
delineated. Results: Dementia severity was negatively correlated with gray (GM)
and white matter (WM) volumes in temporal lobe regions, including parahip-
pocampal gyri. Dysconnectome analysis revealed an association between WM
loss and temporal lobe GM volume reduction. AD biomarkers were negatively
associated with GM volume in hippocampal and cingulate gyri. Interpretation:
Our automated algorithm and novel dysconnectomic analysis of CT scans suc-
cessfully described brain morphometric differences related to AD in adults with
DS, providing a new avenue for neuroimaging analysis in populations for
whom magnetic resonance imaging is difficult to obtain.

Recent advances in diagnostic techniques including

N . . 6-11
neuroimaging and analytical biomarkers have

Alzheimer’s disease (AD) has become a major health
concern for the adult population with Down syndrome
(DS), particularly as life expectancy in this population
has increased in recent decades." AD is the leading cause
of death in this group and also leads to progressive
frailty, functional decline, and quality-of-life deteriora-
tion. Almost all individuals with DS will develop AD
over time and at a younger age than the general
population.>™ Thus, its early and accurate diagnosis is
essential to providing effective treatment with disease-
modifying or preventative therapies when these become
available.”

improved our understanding of the pathogenesis and nat-
ural history of AD in DS. However, the diagnosis of AD
in individuals with intellectual disabilities, especially those
in resource-limited settings, faces unresolved challenges.'?
Furthermore, the baseline cognitive function of individ-
uals with DS is widely variable; the more severe the intel-
lectual disability, the less reliable neuropsychological tests
become.”” In this population, clinical judgment or the
caregiver’s opinion might be at least as sensitive to
changes in cognition and behavior as standardized tests.
In the general population, standard diagnostic tools for

AD include clinical evaluation, magnetic resonance
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imaging (MRI), and lumbar puncture (LP) or positron
emission tomography (PET) for AD biomarker quantifi-
cation. Although MRI and LP have proven useful in the
study of AD in DS adults with mild to moderate intellec-
tual disability,'* they require a degree of patient coopera-
tion that individuals with more severe disability might
not be able to provide. Additionally, LP biomarkers might
be progressively less used, as novel plasma AD biomarkers
such as phosphorylated tau and neurofilament light chain
are now increasingly easy to quantify with reliable, ultra-
sensitive assays and have excellent diagnostic and prog-
nostic performance in the DS population.'” Finally, other
state-of-the-art neuroimaging tools, such as amyloid- or
tau-based PET, are costly and not widely available outside
of research initiatives in many health care systems.

It is imperative to optimize the diagnosis of AD with
widely available, better tolerated techniques in adults with
DS, and computed tomography (CT) could fill this gap.
CT requires less cooperation from the patient than MRI
or LP and entails very few risks (with typical radiation
exposure of 2mSv'®). CTs are also significantly cheaper
than MRI and are often used in clinical settings. These
advantages may offset the lower contrast resolution of CT
when compared to MRI in the DS population. In addi-
tion, although MRI poses significant advantages over CT
when evaluating dementia in the general population by
providing information on potential underlying processes
(microvascular damage, white matter lesions, normal
pressure hydrocephalus, etc.), this theoretical advantage is
diminished in individuals with DS, where AD is the pri-
mary cause of dementia."'

Prior case series studies have successfully used CT to
demonstrate a correlation between cerebral atrophy as
measured by semi-automated image analysis methods and
clinical dementia in the general population.'’™* However,
evidence of its usefulness in DS is scarce.”> ™8 CTseg, an
automated segmentation and nonlinear registration tool
for brain CT scans, was developed by the Wellcome Cen-
tre for Human Neuroimaging (University College Lon-
don, London, UK) and is openly accessible.”’ Here, we
hypothesized that CTseg could be used to help identify
gray and white matter differences as a function of demen-
tia severity and would correlate with biomarkers of neu-
rodegeneration in adults with DS.

Materials and Methods

Study design and selection criteria

This is a cross-sectional study in consecutively recruited
adults with DS from the Adult Down Syndrome Unit, a
specialized outpatient clinic of a tertiary care, university
hospital in Madrid, Spain. A total of 120 adults were
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selected from all individuals who attended the unit using
the following selection criteria: (a) to have a diagnosis of
DS, either with a family-reported karyotype (all of which
were full trisomy 21 individuals; none of the sample sub-
jects carried a robertsonian translocation or were T21
mosaics) or a compatible typical phenotype (based on the
clinical presentation of characteristic physical features
associated with DS); (b) to be over 16 years old; (c) to
have undergone one CT scan at the Hospital Universi-
tario de La Princesa in Madrid for clinical reasons
between 1 January 2016 and 31 December 2018; and (d)
to have had donated a plasma sample to the institutional
biobank with an interval of <6 months between donation
and imaging study. This project was approved by the
institutional IRB at the Hospital Universitario de la Prin-
cesa (registry no. 3911/2019), and informed consent was
obtained from all participants.

Clinical variables

All demographic and clinical characteristics were collected
retrospectively from participants’ medical records. We
obtained the following demographic data: age, sex, socio-
economic status (estimated from the mean income level
of the district of residence), academic background, and
occupation/work, if any. Family history of AD or other
dementias and the following comorbidities, previously
reported to be related to the development of dementia
either in the general population or in individuals with
DS,*° were also collected: head trauma, prior history of
general anesthesia, obstructive sleep apnea, atlantoaxial
instability, thyroid disorders (and TSH level), coeliac dis-
ease, hearing loss, decreased visual acuity, venous throm-
boembolic disease, blood pressure, syncope, congenital
heart disease, diabetes mellitus (according to American
Diabetes Association diagnostic criteria®'), hypercholester-
olemia (according to ESC/EAS 2019 diagnostic criteria®),
early menopause, and osteoarthritis, as proxy comorbid-
ities for premature aging. Medication use at time of
inclusion was also recorded for all participants.

Baseline functional status was recorded using Part 1 of
the Dementia Screening Questionnaire for Individuals
with Intellectual Disabilities (DSQIID) questionnaire,”
which evaluates speech, daily living skills, and living situa-
tion. Cognitive status was determined clinically using
information provided by caregivers and data from the
participant’s physical examination and clinical evaluation.
Individuals were then classified into the following groups,
broadly in accordance with recommendations of the
AAMR-IASSID Working Group for the Establishment of
Criteria for the Diagnosis of Dementia in Individuals with
Developmental Disability: (a) cognitively stable (CS), in
the absence of clinically significant cognitive decline; (b)
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mild cognitive impairment (MCI), indicating that there
were signs of cognitive decline beyond what would be
expected with aging, without functional deterioration; (c)
moderate or advanced dementia (for the current analyses,
both groups were combined into a single dementia
group), when there was substantial cognitive decline and
severe loss of autonomy.”*> Symptoms associated with
cognitive decline such as seizures/epilepsy, depression,
behavioral disorders, and changes in sleep and/or gait
were also collected.

Finally, clinically relevant hematological and biochemi-
cal parameters were collected: total blood count, renal
and hepatic function, and metabolic parameters (lipid
profile, glycosylated hemoglobin, and thyroid function).
All of these parameters were measured as part of the stan-
dard follow-up protocol at the adult DS unit. Addition-
ally, one 10 mL EDTA container and one 8.5 mL
serological gel tube were extracted for this study and pro-
cessed in the institutional biobank shortly thereafter.
Samples were sorted into aliquots and stored in a freezer
at —80°C.

Plasma AD biomarkers

Neurofilament light chain (NfL) and tau phosphorylated
at threonine 181 (pTau-181) were selected as plasma AD
biomarkers of choice, given their better diagnostic perfor-
mance compared to other plasma biomarkers
(amyloid-B_49, amyloid-P;_4,, or total tau) in adults with
DS.”® NfL levels have shown good correlation with other
CSF biomarkers (such as low Ap42, high total tau, and
high phosphorylated tau levels), MRI measures, and poor
cognitive performance in individuals with AD with and
without DS.”*® Plasma p-taul81 concentrations have also
shown a high area under the curve for the discrimination
between asymptomatic individuals with and without DS
versus those in the prodromal and dementia groups,
respectively.*’” Their concentrations were measured using
the ultrasensitive single-molecule array (SIMOA) assay at
the Adult Down Syndrome Memory Unit, Department of
Neurology, Hospital Universitario de la Santa Creu i Sant
Pau, Barcelona. All measurements were conducted by spe-
cially trained personnel in one round of experiments
using one batch of reagents.

Image processing

CT images were acquired in either a Toshiba Aquilion
64-channels system at 0.4 X 0.4 X 3 mm’ resolution, or a
Siemens Sensation 64-channels system at 0.4 X 0.4 X
2.4 mm’® resolution. Radiologist reports were first
screened to exclude individuals with previous stroke or
space occupying lesions. Mega cisterna magna was a
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relatively frequent observation (10 subjects out of 120,
8.3%) and not used as an exclusion criterion. Prior radio-
logical studies of individuals with DS have described
smaller posterior fossa, smaller cerebella, and a higher
incidence of mega cisterna magna compared to nontriso-
mic controls.*® In individuals with DS, the presence of
mega cisterna magna is closely related to cerebellar hypo-
plasia. However, an isolated finding of mega cisterna
magna is thought to be an anatomic variant with no clin-
ical significance.”” Brain CT scans were anonymized
before analyses, which proceeded blind to clinical records
and cognitive scores. In the case of separate posterior
fossa and supratentorial acquisitions, these were merged
to create one three-dimensional image per individual
Participants whose CT scans presented significant artifacts
or faulty merging of supratentorial and posterior fossa
acquisitions were excluded from the analysis, leaving a
final sample of 98 individuals for imaging analysis.

CT scans were processed using CTseg (https://github.
com/WCHN/CTseg; Wellcome Trust Centre for Neuroim-
aging, University College London), an automatic algo-
rithm optimized for CT, which employs flexible Bayesian
modelling to jointly spatially normalize images to stan-
dard MNI space and segment them into standard tissue
classes, including gray matter (GM), white matter (WM),
and cerebrospinal fluid (CSF).”’ Segmented images were
then smoothed with a Gaussian kernel of 6 mm full
width at half maximum. Total intracranial volume (TIV)
was obtained by summing the volumes of GM, WM,
and CSF.

Statistical analysis

No estimation of the most adequate sample size was done
as there was no former evidence of the utility of this algo-
rithm in the DS population. Clinical data were processed
using Stata software (Stata v15.0). Age, sex, TIV, and pre-
morbid functionality were selected as potential con-
founders after using bivariate ordinal logistic regressions,
with dementia severity (CS: 0, MCI: 1, dementia: 2) as
the dependent variable. All statistical tests were two-tailed,
establishing a p-value of 0.05 as the cutoff for statistical
significance and using Bonferroni or Tukey methods
when post hoc multiple comparisons were made. To rule
out potential selection bias, comparisons of all baseline
clinical characteristics were conducted between the 98
individuals who were included and the 22 excluded based
on CT scan quality.

Whole-brain voxel-wise GM and WM volume compari-
sons were conducted using voxel-based morphometry
(VBM) with SPM12 (http://www.fil.ion.ucl.ac.uk/spm/).
Smoothed and modulated GM and WM images were cor-
related separately with dementia severity within a general
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linear model (GLM), including TIV, age, sex, and pre-
morbid functionality as covariates of no interest. Separate
GLMs correlating GM and WM images with plasma bio-
markers (NfL and pTau-181) were also conducted using
TIV, age, and sex as covariates of no interest. All voxel-
wise results were corrected for multiple comparisons
using family-wise error (FWE) correction. Potential effects
of scanner type and scan resolution were tested by includ-
ing scanner as a covariate (dummy coded 0 or 1).

Dysconnectome analysis

A dysconnectome analysis was conducted to examine GM
volume effects in conjunction with potential upstream
white matter abnormality, combining elements of two
methods described previously.**' The approach differs
from standard disconnectome analysis—which elicits
white matter tracts disconnected by a structural lesion—
in identifying the connectivity of white matter tracts
shown by VBM to be statistically abnormal rather than
frankly lesioned. Briefly, smoothed and modulated WM
images were entered into a GLM including TIV, age, and
sex to remove confounding effects. The resultant residuals
were thresholded at 2 standard deviations below the
median for each voxel and binarized to generate masks of
regions with low WM signal, plausibly corresponding to
abnormal white matter. These masks were used as input
for the BCBtoolkit (https://github.com/chrisfoulon/
BCBToolKit)** thresholded at 0.5 to generate probable
white matter tracts affected by the putatively abnormal
regions. Finally, these tracts were smoothed at 8 mm and
entered into a GLM correlating with dementia severity,
with an inclusive gray matter mask, and controlling for
TIV, age, sex, and premorbid functionality.

Results

Clinical characteristics of the study cohort

A total of 120 participants who met the inclusion criteria
were initially selected (mean age: 48.6 + 8.4 years, 45.8%
female). Seventy-four participants were cognitively stable
at the time of their evaluation, while 46 individuals
showed some degree of cognitive impairment: 23 had
been clinically diagnosed with dementia—>5 of them in an
advanced state—while the remaining 23 were diagnosed
as having MCI. A summary of clinical and demographic
characteristics of this cohort are presented in Table 1.
Behavioral disorders (OR 2.72; 95%CI: 1.14-6.49) and
gait instability (OR 7.71; 95%CI: 2.84-21.0) were signifi-
cantly associated with age-adjusted dementia severity in
the preliminary ordinal logistic regression analysis
(Table 2). We did not find any relevant associations
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between any indirect measures of cognitive reserve (prior
education level, occupation, or any of the items in Part 1
of the DSQIID) and the stage of dementia, although a
significant proportion of data about baseline functionality
was missing (e.g., 29.2% for education).

Correlation between whole-brain VBM
analysis and clinical variables

Of the initial cohort of 120 individuals, 7 were excluded
based on incidental brain findings and 15 were excluded
due to CT scan issues, including artifacts or failures in
segmentation, leaving a final sample of 98 individuals
for neuroimaging analyses (mean age: 48.0 £ 8.5 years;
45% female; 62 CS, 19 MCI, 17 dementia). No signifi-
cant differences were found in baseline clinical character-
istics between the included and excluded participants.
Scanner type did not significantly affect any comparison,
and all results are reported without scanner as a
covariate.

CS individuals had larger mean total brain, GM, and
WM volumes than those with MCI and dementia (CS
brain volume: 893.2 cc, 95%CI: 868.2-918.2; MCI brain
volume: 839.0 cc, 95%CI: 787.4-890.5; dementia brain
volume: 815.8 cc, 95%CIL: 764.9-866.6; CS GM: 679.8 cc,
95%CI: 661.8-697.9; MCI GM: 648.7 cc, 95%CI: 611.9—
685.5; dementia GM: 626.8, 95%CI: 588.8-664.8; CS WM:
213.3 cc, 95%CI: 205.0-221.6; MCI WM: 190.3 cc, 95%
CIL: 171.9-208.6; dementia WM: 189.0 cc, 95%CIL: 171.2—
206.7). TIV was not significantly associated with dementia
level when adjusted for age and sex (F(y93) = 1.26,
p = 0.288), while total brain, GM, and WM volumes
were negatively associated with dementia severity, adjust-
ing for age, sex, and TIV (brain volume: F(, ) = 41.25,
p=16x10"", M, =047, GM: Foe) =971, p=
1.5 x 1074 M, =017, WM: Fo) = 8.00, p =63 X
1074 77; = 0.15). In Tukey post hoc tests, differences
were only found between CS and dementia groups for
total brain and GM volumes (brain volume: CS vs. MCI:
t = 2.06, p = 0.103; CS vs. dementia: t = 2.82, p = 0.016;
MCI vs. dementia: t = 0.69, p = 0.768; GM: CS vs. MCIL:
t = 1.64, p = 0.236; CS vs. dementia: t = 2.67, p = 0.024;
MCI vs. dementia: t = 0.90, p = 0.639), while WM vol-
umes were significantly smaller in both clinical groups
compared to CS individuals (CS vs. MCL: t = 2.58,
p = 0.031; CS vs. dementia: t = 2.61, p = 0.028; MCI vs.
dementia: t = 0.12, p = 0.993).

Whole-brain VBM analyses revealed that dementia level
negatively correlated with GM volume in the bilateral
parahippocampal gyri, extending into the hippocampus
and amygdala, with a peak minimum in the left parahip-
pocampal gyrus (MNI: —28 —30 —22, Z = 6.39, t = 7.19,
whole-brain FWE-corrected p < 0.01; Fig. 1A,B). WM
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Table 1. Baseline characteristics of the study sample population.

Voxel-Based Morphometry with Computed Tomography

Cognitively stable Mild cognitive Dementia One-way ANOVA or
(n=74) impairment (n = 23) (n=23) & results
Age (years) + standard deviation 454 + 8.3 51.8 £ 4.5 55.9 + 5.5 F2117) = 21.25
p=22x10%
Sex
Male 41 (55.4%) 15 (65.2%) 9 (39.1%) o =327
Female 33 (44.6%) 8 (34.8%) 14 (60.9%) p =0.195
Family history of dementia
No 52 (70.3%) 21 (91.3%) 19 (82.6%) Yo =490
Yes 22 (29.7%) 2 (8.7%) 4 (17.4%) p = 0.086
Income level
Low 26 (35.1%) 9 (39.1%) 10 (43.5%) P =891
High 27 (36.5%) 2 (8.7%) 8 (34.8%) p = 0.063
Education
None 5 (6.8%) 2 (8.7%) 5(21.7%) P =931
Special 42 (56.8%) 14 (60.9%) 10 (43.5%) p = 0.075
Baseline occupation
None 9(12.2%) 4 (17.4%) 7 (30.4%) P =6.82
Occupational center 51 (68.9%) 14 (60.9%) 13 (56.5%) p=0.162
Labor integration 8 (10.8%) 0 1(4.3%)
Living situation
Family home 52 (70.3%) 13 (56.5%) 14 (60.9%) 2@ =3.90
Residence 18 (24.3%) 10 (43.5%) 8 (34.8%) p = 0.384
Congenital heart disease
No 67 (90.5%) 20 (87.0%) 22 (95.7%) Yo =106
Yes 7 (9.5%) 3(13.0%) 1(4.3%) p = 0.607
High blood pressure
No 70 (94.6%) 22 (95.7%) 22 (95.7%) 7@ =007
Yes 4(5.4%) 1(4.3%) 1(4.3%) p = 1.000
Hypercholesterolemia
No 23 (31.1%) 10 (43.5%) 8 (34.8%) Yo =120
Yes 51 (68.9%) 13 (56.5%) 15 (65.2%) p = 0.548
Prediabetes/diabetes mellitus
No 52 (70.3%) 20 (87.0%) 13 (56.5%) 2o ="519
Yes 22 (29.7%) 3(13.0%) 10 (43.5%) p = 0.075
Sleep apnea
No 56 (75.7%) 20 (87.0%) 19 (82.6%) P =176
Yes 9(12.2%) 2 (8.7%) 2 (8.7%) p = 0.902
Thyroid disorders
None 28 (37.8%) 11 (47.8%) 6 (26.1%) P =416
Hypothyroidism 45 (60.8%) 11 (47.8%) 17 (73.9%) p=0.324
Hyperthyroidism 1(1.4%) 1(4.3%) 0
Hearing loss
No 64 (86.5%) 19 (82.6%) 14 (60.9%) P =749
Yes 10 (13.5%) 4(17.4%) 9 (39.1%) p = 0.033%:*
Vision impairment
No 53 (71.6%) 16 (69.6%) 14 (60.9%) @ =095
Yes 21 (28.4%) 7 (30.4%) 9 (39.1%) p = 0.621
Behavioral changes
None 61 (82.4%) 13 (56.5%) 13 (56.5%) Yo =955
Yes 13 (17.6%) 10 (43.5%) 10 (43.5%) p = 0.008*
Depression
No 67 (90.5%) 18 (78.3%) 20 (87.0%) Yo =243
Yes 7 (9.5%) 5(21.7%) 3(13.0%) p = 0.258
(Continued)
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Table 1 Continued.

B. Sénchez-Moreno et al.

Cognitively stable Mild cognitive Dementia One-way ANOVA or
(n=74) impairment (n = 23) (n =23) 2 results
Sleep disorder
No 58 (78.4%) 18 (78.3%) 15 (65.2%) ;{2(2> =175
Yes 16 (21.6%) 5(21.7%) 8 (34.8%) p = 0417
Gait
No change 68 (91.9%) 16 (69.6%) 7 (30.4%) ;(2(6) = 43.37
Instability present 6 (8.1%) 7 (30.4%) 12 (52.2%) p < 0.001%*
Use of antiepileptic drugs
No 72 (97.3%) 19 (82.6%) 18 (78.3%) ;(2@ =995
Yes 2 (2.7%) 4 (17.4%) 5 (21.7%) p = 0.004%*
Use of benzodiazepines
No 71 (95.9%) 19 (82.6%) 22 (95.7%) 2o =526
Yes 3(4.1%) 4 (17.4%) 1(4.3%) p = 0.096

Comparisons between groups were performed using one-way ANOVAs for quantitative variables and chi-square tests for categorical ones. Statisti-
cal significance for multiple comparisons was corrected using a Bonferroni approach. Percentages may not add up to 100% due to missing

values.

“Indicates statistical significance maintained after correcting for multiple comparisons, except when comparing mild cognitive impairment and

dementia groups.

“Indicates statistical differences only found when comparing cognitively stable and dementia groups.

Table 2. Association between baseline characteristics and dementia
level.

95% confidence

OR interval p-value
Female sex 1.76 0.76-4.04 0.184
Family history of 0.34 0.11-1.00 0.050
dementia
Low income 2.25 0.78-6.55 0.135
Special education 0.79 0.19-3.29 0.746
Labor integration 0.23 0.02-3.41 0.288
Supervised housing 0.26 0.02-4.29 0.349
High blood pressure 0.68 0.11-4.28 0.684
Hypercholesterolemia 0.81 0.35-1.89 0.623
Diabetes mellitus 1.26  0.06-29.0 0.884
Sleep apnea 1.07 0.24-4.71 0.927
Hypothyroidism 1.05 0.45-2.43 0.909
Hearing loss 2.30 0.87-6.05 0.092
Vision impairment 1.10 0.47-2.60 0.823
Behavioral changes 2.72 1.14-6.49 0.024*
Depression 2.08 0.69-6.25 0.192
Sleep disorder 0.95 0.36-2.51 0.916
Gait instability 7.71 2.84-21.0 <0.001#x*
Use of antiepileptic 1.88 0.82-4.31 0.137

drugs

Use of benzodiazepines  0.96 0.27-3.40 0.948

Odds ratios (OR) were obtained using bivariate ordinal logistic regres-
sion analysis, adjusting for age.

“p < 0.05;

b < 0.001.

volume was negatively associated with dementia level in
the bilateral parietal and occipitotemporal regions, with
right-lateralization in the superior and inferior

longitudinal fasciculi (peak minimum MNI: 46 —46 24,
Z =17.12, t = 8.14, FWE-corrected p < 0.01; Fig. 1C,D).
No significant associations were found between baseline
DSQIID scores and total or region-specific gray or white
matter volume.

GM volume loss associated with WM
dysconnection

GM volume decrease associated with increasing dementia
level was masked with the outcome of the dysconnectome
analysis. This revealed several foci of effects in the right
lateral temporal lobe (Fig. 2).

Correlation between clinical variables,
whole-brain VBM analysis, and AD plasma
biomarkers

Plasma pTau-181 and NfL values were available for 87 of
the 98 individuals included in neuroimaging analyses
(mean age: 48.2 + 8.3 years; 47% female; 55 CS, 17 MCI,
15 dementia). Older age was significantly associated with
higher biomarker levels in CS individuals (pTau-181:
F50) = 11.49, p = 0.0013, nf, = 0.18; NfL:
Fi5) = 25.59,p = 5.6 X 10°°, 7, = 0.33), but only with
NfL in those with dementia (F(;,, = 5.55, p = 0.036,
1712, = 0.32; Fig. 3A). A one-way ANOVA revealed that
pTau-181 and NfL levels were significantly higher with
increasing dementia severity (pTau-181: F(,5,) = 15.21,
p=24x%10"° n2 = 0.27; NfL: Fe) = 4.61, p = 0013,

2=

1, = 0.10; Fig. 3B,C) after adjusting for age and sex. A
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(B) Left Parahippocampal Gyrus (MNI: -28 -30 -22) (D) Right Superior Longitudinal Fasciculus (MNI: 46 -46 24)
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Figure 1. VBM analysis of gray and white matter from CT scans demonstrates a significant negative association between dementia level and
tissue volume in individuals with Down syndrome. (A) Individuals with higher dementia levels have lower gray matter volume in the bilateral
parahippocampal gyri extending to the hippocampus and amygdala. (B) Gray matter volume values from the global peak voxel (indicated by the
red box in (A), MNI: —28 —30 —22), plotted against dementia level (0: cognitively stable; 1: mild cognitive impairment; 2: moderate dementia; 3:
advanced dementia). (C) Higher dementia levels are associated with lower white matter volume in bilateral superior longitudinal fasciculi, with
right-lateralized extension into the inferior longitudinal fasciculus. (D) White matter volume values from the global peak voxel (indicated by the
red box in (C), MNI: 46 —46 24) plotted against dementia level. Color bar indicates the whole-brain family-wise error (FWE)-corrected p-value.
Clusters are significant at p < 0.05, FWE-corrected. Both comparisons were corrected for age, sex, and total intracranial volume.

Figure 2. Lower gray matter density associated with dementia level in the right lateral temporal lobe is related to white matter deterioration based
on dysconnectome analysis. Red clusters indicate overlapping regions of significant gray matter results from conventional gray matter VBM and from
white matter dysconnectome analyses, at p < 0.05 FWE-corrected. Results are overlaid on an average gray matter mask for visualization.
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Figure 3. Blood phosphorylated tau 181 (pTau-181) and neurofilament light chain (NfL) levels are significantly correlated with age, dementia
level, and each other. (A) Individuals with cognitive impairment (dementia levels >0) have significantly higher levels of pTau-181 and NfL than
cognitively stable individuals, when adjusted for age and sex. Age is significantly associated with both biomarker levels in cognitively stable
individuals, and with NfL levels in moderate-advanced dementia (dementia level 2/3). (B) pTau-181 levels are significantly higher in mild cognitive
impairment and dementia compared to cognitively stable individuals, whereas (C) NfL levels are significantly higher in dementia compared to both
mild cognitive impairment and cognitively stable individuals. (D) pTau-181 levels are significantly associated with NfL levels after adjusting for age,

sex, and dementia level. *p < 0.05, **p < 0.001.

Tukey post hoc test showed significantly different pTau-
181 levels between CS and both MCI and dementia, but
not between MCI and dementia (pTau-181: CS vs. MCL:
t =450, p=64x 107 CS vs. dementia: t = 6.95,
p=25x10""% MCI vs. dementia: ¢t = 2.19, p = 0.08;
Fig. 3B). Meanwhile, NfL levels were significantly different
in dementia compared with both CS and MCI, but not
between CS and MCI (NfL: CS vs. MCIL: t = 2.28,
p=006; CS vs. dementia: t =529, p=29x 105
MCI vs. dementia: t = 2.56, p = 0.03; Fig. 3C). pTau-181
and NfL levels were significantly associated with each
other, after controlling for age, sex, and dementia level
(Fas2) = 20.37, p = 2.1 X 107, i = 0.20; Fig. 3D).

Significant negative correlations were also found
between both blood biomarkers and total brain volume
(pTau-181: Fe = 1919, p =3.5x 107 72 = 0.1%
NfL: F 82y = 9.53, p = 0.0028, r]f, = 0.10) and total GM
volume (pTau-181: F(1s) = 6.47, p = 0.013, 17 = 0.07;
NfL: Fy,82) = 15.97, p = 0.00014, 111% = 0.16), whereas
total WM volume was only negatively associated with
pTau-181 (pTau-181: F(85) = 4.53, p = 0.036, 17, = 0.05;
NfL: F(1,82) = 0.25, p = 0.622) after adjusting for age, sex,
and TIV.

When correlated with GM volume using whole-brain
VBM, pTau-181 was found to be negatively associated
with GM volume in bilateral hippocampus (left

8 © 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 4. VBM analysis of gray matter from CT scans demonstrates a significant negative association between blood biomarkers and tissue
volume in individuals with Down syndrome. Higher levels of blood phosphorylated tau 181 (pTau-181) are significantly associated with lower gray
matter volume in (A) the bilateral hippocampi as shown in (B) at the local peak voxel (indicated by the red box in (A), MNI: —28 —30 —18), and
in (C) the right anterior and posterior cingulate cortices. (D) Gray matter volume at the global peak voxel (indicated by the red box in (C), MNI:
12 28 18) plotted against pTau-181. (E) Higher blood neurofilament light chain (NfL) levels were significantly associated with lower gray matter
volume in the right anterior cingulate cortex, overlapping with the pTau-181 peak cluster (NfL cluster in blue, pTau-181 clusters in orange; the
color bars indicate the whole-brain family-wise error (FWE)-corrected p-value for each effect in their respective colors). (F) Gray matter volume at
the global peak voxel (indicated by the blue box in (E), MNI: 10 26 20) plotted against NfL. Clusters are significant at p < 0.05, FWE-corrected.

All comparisons were corrected for age, sex, and total intracranial volume.

hippocampus cluster peak: MNI: —28 —30 —I18,
Z = 5.14, t = 5.60, FWE-corrected p = 0.014; right hip-
pocampus cluster peak: MNIL: 24 —34 —10, Z = 5.05,
t = 5.49, FWE-corrected p = 0.021; Fig. 4A,B), and in the
right anterior and posterior cingulate cortices (anterior
cingulate cortex (ACC) cluster peak: MNIL: 12 28 18,
Z =5.82, t = 6.49, FWE-corrected p < 0.001; posterior
cingulate cortex (PCC) cluster peak: MNI: 14 —44 42,
Z = 540, t = 5.94, FWE-corrected p = 0.002; Fig. 4C,D).
NfL levels were negatively correlated with GM volume in
the right ACC (MNI: 10 26 20, Z = 5.38, t = 5.91, FWE-
corrected p = 0.005), overlapping with the pTau-181
global peak cluster (Fig. 4E,F). No significant voxel-wise
effects were found between biomarker levels and WM
volume.

Discussion

In DS adults with and without AD-type dementia, CTseg,
a novel open-source automated brain CT segmentation
tool, was employed to identify how GM and WM vol-
umes are related to the clinical stage of dementia and to
plasma biomarkers of neurodegeneration. Increasing
dementia severity was associated with reduced GM vol-
ume in the medial temporal lobe, in keeping with MRI-

based reports of hippocampal and amygdala volumes in
adults with DS being particularly compromised in those
with dementia.* The same test on WM revealed volume
loss in the superior longitudinal fasciculus, primarily
right-sided, and associated with dysconnection of lateral
temporal GM. Plasma pTau-181 levels correlated nega-
tively with GM volume in hippocampus, and both pTau-
181 and NfL levels were inversely associated with anterior
cingulate GM volume.

Our findings align with those of Teipel et al., who
observed regional GM volume decreases with advancing
age in bilateral parietal and frontal cortices and the right
parahippocampal gyrus using VBM analysis.** Interest-
ingly, these reductions were unrelated to general cognitive
function. GM volume was relatively preserved in the ante-
rior cingulate gyrus in adults with DS without dementia
in their study. However, when analyzing this region in
patients with mild cognitive decline and symptomatic
dementia, we found that its GM volume is particularly
related to pTau-181 and NfL levels and dementia severity.
A similar observation was also reported by Sabbagh et al,,
who documented higher florbetapir SUVRs in the DS
population than in controls specifically in the vicinity of
posterior and anterior cingulate, precuneus, parietal, tem-
poral, frontal, and striatal regions,” all of which are
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findings that hold a similar pattern to those observed in
the clinical and preclinical stages of autosomal dominant
AD in previously published reports.*® In a detailed MRI
study of changes in cortical thickness and subcortical vol-
umes in biomarker-defined DS groups ([11C]-Pittsburgh
compound B (PIB)-positive versus PIB-negative subjects),
Annus et al. observed cortical thinning in adults with
PIB-positive DS, particularly marked in the right hemi-
sphere, at the level of the lateral parieto-temporo-occipital
cortex and in the medial posterior cingulate and precu-
neal cortices, analogous to that observed in sporadic and
familial AD,*” which is consistent with the most affected
areas in the dysconnectome analysis in our study. Finally,
our results also concur with recent MRI-based studies in
adults with DS, which identified significant volumetric
reductions in the substantia innominata region of the
basal forebrain, hippocampus, lateral temporal cortex,
and left arcuate fasciculus.*® Hence, though a direct com-
parison between CT and MRI voxel-based morphometry
is still lacking, we have observed a significant and consis-
tent concordance between our findings and those of pre-
vious MRI-based studies.

The relationship between dementia severity and GM
volume is further supported by their correlation to pTau-
181 and NfL levels, which have already been shown to
correlate with clinical stage of dementia by Fortea et al.
and Lled et al. in previous cross-sectional and longitudi-
nal evaluations of cohorts of adults with DS.*'**

In addition, CTseg enabled the study of WM integrity
in adults with DS. The greater regional WM abnormality
observed in both parietal and occipitotemporal regions,
with right-lateralization in the superior and inferior longi-
tudinal fasciculi is consistent with previous diffusion ten-
sor imaging-based reports in adults with DS with and
without AD.””> WM measures derived from diffusion-
weighted MRI are related to amyloid levels in nondemen-
ted individuals with DS.”' In DS individuals with MCI
and dementia, fractional anisotropy and mean diffusivity
were reduced relative to nondemented individuals, with
effects primarily localized to frontal and cingulate tracts.”*
This contrasts with the more posterior WM effects we
observed with increasing dementia level in our cohort. DS
patients are known to have prominent cerebral amyloid
angiopathy (CAA) due to the excessive production of
AB.” In non-DS CAA, postmortem and imaging studies
show a posterior lobar predominance (parietooccipital) of
CAA-related vascular pathology.”®” In view of the poste-
rior predominance of the white matter volume reductions
observed here in DS dementia, we suggest that this could
be attributable to CAA. In support of this suggestion,
nonhemorrhagic brain injury in CAA includes white mat-
ter hyperintensities, cerebral microinfarcts, and structural
disconnection.’> In keeping with the latter, our

B. Sénchez-Moreno et al.

dysconnectome analysis indicated that gray matter volume
loss in the right lateral temporal cortex can be explained
by white matter dysconnection.

Our study has several strengths. Ours is one of the
largest published cohorts dedicated to the study of AD in
DS, even after accounting for losses in the final analysis,
with the advantage that we evaluated adults along the
entire spectrum of intellectual disability, who are generally
not included in research studies because they require
some degree of collaboration from the participants. This
feature should increase the power and external validity of
the study. In addition, objective variables such as plasma
biomarker levels have been used to complement the sub-
jective assessment made by clinicians. The results of CT
analysis have also been obtained in an automated and
objective manner, with minimal intervention and dispens-
ing with visual scales. Moreover, we have sought to con-
trol for possible confounding variables by using a
multivariate statistical analysis in all cases. Our results
may be particularly valuable to people with DS and their
families in resource-limited settings, where access to CT
might be easier or cheaper than to MRI. They may also
be applicable to individuals who cannot collaborate with
the strict positional requirements of MRI, as CT is signifi-
cantly quicker and less demanding in this regard. We
acknowledge that CT could be considered a source of
additional, non-negligible external irradiation; however, it
should be noted that the incidence of AD only starts to
increase after the age of 40 and that the incidence of solid
tumors in the adult DS population is extremely low, and
significantly lower than that of the general population.”™
It is our hope that these reasons may help outweigh the
potential concerns raised due to the risk of irradiation
associated with this technique. Finally, although the etiol-
ogy of cognitive decline in other developmental disorders
may pose a broader differential diagnosis than in the DS
population, we believe that our results lend support to
promoting research into the validity of this tool in other
populations for which obtaining MRI imaging might
prove equally challenging.

While our findings open the path to several potential
applications of CT in the evaluation of cognitive decline,
both in adults with DS and in other vulnerable popula-
tions, some limitations warrant consideration and prelim-
inary steps need to be taken before this tool is more
widely implemented. First, we acknowledge that a head-
to-head, noninferiority study against MRI would be nec-
essary to validate our preliminary findings. A longitudinal
evaluation of adults with DS using both techniques fur-
ther strengthened using plasma AD biomarkers would
clarify the potential prognostic value of our results. Ours
was a cross-sectional, single-center study, which should
not be used to reach generalizable conclusions, but rather
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to generate new hypotheses and confirm the validity of
this line of research. Given the retrospective nature of the
study, classification of dementia was done without the
most specific clinical tools, although in the analysis we
found a good correlation between dementia severity and
plasma biomarker levels. Furthermore, many individuals
lacked information on their baseline functionality and/or
degree of intellectual disability, so we had to rely on indi-
rect caregiver reports. It would have been interesting to
include some variables not collected in the medical
records, such as hand dominance, whose relationship with
the lateralization of WM findings in the VBM analysis
could have been explored. Lastly, more than 18% of the
initially selected participants had to be excluded due to
faulty scans, which could lead to selection bias; however,
no significant differences were observed in the characteris-
tics of the excluded individuals from those who were
included in the analysis.

In summary, our results show that a volumetric assess-
ment of CT scans using CTseg has potential utility for char-
acterizing AD morphometric changes in adults with DS, a
difficult group to study with other imaging techniques due
to practical limitations. Any diagnostic aid would obviously
require normative volumetric values for comparison or
require longitudinal study to detect atrophy in regions
shown to discriminate between individuals with dementia
vs. those without. GM volume in the bilateral parahippo-
campal gyri, extending into hippocampus and amygdalae,
and parietal and occipito temporal WM reductions, right-
lateralized in the superior and inferior longitudinal fasciculi
were significantly negatively correlated with clinical stage of
dementia. These findings open an avenue for potential new
applications of CT in the evaluation of brain atrophy, both
in DS and other vulnerable populations, or in resource-
limited settings where CT is more readily available than
other imaging modalities.
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