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Abstract

Background: Fragile X-associated tremor/ataxia syndrome (FXTAS) is a neurodegenerative
disease of late-onset developed by carriers of the premutation in the fragile x mental retardation 1
(FMRJI) gene. Pathological features of neurodegeneration in FXTAS include toxic levels of FMR1
messenger RNA (mRNA), ubiquitin-positive intranuclear inclusions, white matter disease, iron
accumulation, and a proinflammatory state.

Obijective: To analyze the presence of cerebral microbleeds (CMBs) in the brain of patients with
FXTAS and investigate plausible causes for CMBs in FXTAS.

Methods: We collected cerebral and cerebellar tissue from 15 FXTAS cases and 15 control cases
carrying FMRI1 normal alleles. We performed hematoxylin and eosin (H&E), Perls and Congo

red stains; ubiquitin and amyloid p-protein (AB) immunostaining. We quantified the number of
CMBs, amount of iron, presence of Ap within the capillaries, and number of endothelial cells
containing intranuclear inclusions. We evaluated the relationships between pathological findings
using correlation analysis.

Results: We found intranuclear inclusions in the endothelial cells of capillaries and an
increased number of CMBs in the brains of those with FXTAS, both of which are indicators
of cerebrovascular dysfunction. We also found a suggestive association between the amount of
capillaries that contain Ap in the cerebral cortex and the rate of disease progression.

Conclusion: We propose microangiopathy as a pathologic feature of FXTAS.

Keywords
FXTAS; FMR1 premutation; neurodegeneration; cerebral microbleeds

Introduction

Fragile X-associated tremor/ataxia syndrome

Fragile X-associated tremor/ataxia syndrome (FXTAS) was described 20 years ago in

a series of cases of FMR1 gene premutation male carriers (expansion between 55 and

200 CGG trinucleotide repeats) presenting with intention tremor and cerebellar ataxia

(1, 2). The clinical presentation is variable and as the disease progresses the patients
experience worsening tremor, cerebellar ataxia, cognitive decline, peripheral neuropathy and
parkinsonism (3, 4). The age of clinical diagnosis is generally between 55 and 65 years old
(5); being more prevalent in males (~40%) than in females (~16%) (6, 7). Females typically
present with milder symptoms, less white matter (WM) hyperintensities (WMHSs) on MRI,
and slower progression (8).
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The neurotoxicity induced by the increased levels of FMRZ mRNA is the main trigger of its
pathogenesis (9, 10). Furthermore, the non-coding region of FMR1 premutation mRNA has
been proposed to be translated into multiple repeat associated non-AUG (RAN) peptides,
including the FMRpolyG (11). The neurotoxicity of this peptide lies on its ability to disrupt
the structure of the neuronal nuclear lamina (12). In addition, mitochondrial alterations and
increased concentrations of intracellular calcium lead to an abnormal cellular response to
DNA damage and increase neural vulnerably to reactive oxygen species (ROS) (13, 14).
The presence of ubiquitin-positive intranuclear inclusions in neurons and astrocytes (15,
16) is the major pathologic criterion in the postmortem diagnosis of FXTAS (17). These
inclusions have also been reported in Purkinje cells (18) and in non-nervous tissues (19).
Other pathologic findings include WM disease (WMD) (16); increased iron deposition in
the putamen, the Purkinje layer of the cerebellum, and the choroid plexus (20-22); and the
presence of activated and senescent microglia (23).

Cerebral amyloid angiopathy

We recently observed CMBs in some cases of FXTAS during routine postmortem
microscopic pathological examinations. Both cerebral amyloid angiopathy (CAA) and
non-amyloid small vessel disease resulting from hypertension are known to underlie the
appearance of CMBs. CAA-associated hemorrhages are superficial and due to the primary
involvement of vessels in the cerebral cortex and meninges (24). CAA-Type 1 affects
capillaries, leptomeningeal and cortical arterioles, venules, small arteries, and veins; it is
4-times more likely than CAA-Type 2 to be associated with apolipoprotein E (APOE) e4
(25). Patients with Alzheimer’s Disease (AD) and concomitant moderate-to-severe CAA
are considered at higher risk for lobar intracerebral hemorrhages (26, 27). Dementia is
suggested to occur in about 21-50% of men with FXTAS and the frequency increases

at latter stages of the disease (5, 6, 28, 29); nevertheless, the prevalence of coexisting
FXTAS and AD is unknown. A previous case-control study conducted in two primary
dementia populations including AD did not find a difference in the frequency of FMRI
premutation expansion between groups (30). However, a postmortem case series in females
with a definite diagnosis of FXTAS found that half of cases had concomitant AD pathology
(29). Similar neuropathological studies have not been conducted in males with FXTAS. In
addition, the presence of at least one APOE e4 allele may contribute as a genetic factor
predisposing to the development of FXTAS (31). In the current study, we quantified the
burden of CMBs and CAA and evaluated their relation in cases of FXTAS and controls.

Iron deposition

The gradual deposit of iron in the process of aging is well known (32-34). Increased levels
of iron are present in the substantia nigra in Parkinson’s disease (PD) (35, 36) and in

the putamen, caudate, and the temporal grey matter (GM) in AD (37-40). The motor and
cognitive deficits found in patients with multiple sclerosis (MS) are correlated to excessive
iron deposition in the GM (41, 42). Our prior studies reported mild iron accumulation in the
Purkinje layer and the dentate nucleus of the cerebellum in a subset of FXTAS cases (21)
and to a greater degree in the putamen and choroid plexus (20, 22). We quantified the area
occupied by iron bound to hemosiderin and examined the association of iron deposits, if any,
with the presence of CMBs.

Mov Disord. Author manuscript; available in PMC 2024 March 12.
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Materials and methods

Sample collection

Histology

CGG sizing

Tissue was obtained from 15 males with FXTAS and 15 age and sex-matched control cases
from the FXS/FXTAS brain repository at UC Davis (a node of the Hispanic-American

Brain Bank for Neurodevelopmental Disorders - CENE). Specimens were obtained through
consented autopsies with the approval of the institutional review board (IRB). FXTAS cases
had symptoms for many years before death (mean 8 years, SD 6.7) and were clinically
diagnosed based on the presence of intention tremor, cerebellar ataxia, parkinsonism,
memory and executive function deficits, and confirmed with the presence of the FMR1
premutation and postmortem ubiquitin-positive intranuclear inclusions in brain cells. Control
tissue was obtained from subjects without any significant neurological history nor the
premutation. The age of FXTAS cases ranged from 58 to 85 years (average 73.9 years).
Control cases ranged from age 53 to 81 (average 68.8 years). The number of CGG repeats in
the FXTAS group was between 67 and 119 repeats (additional data in table 1).

Fixed samples from cerebral cortex Brodmann areas (BA)8, BA9, BA24, and cerebellum
were immersed in 20% sucrose (Fisher, USA) and embedded in optimal cutting temperature
(OCT) compound (Fisher). Blocks were cut on a freezing microtome at 14 um thickness.

Genomic DNA was isolated from brain tissue using standard procedures (Trizol, Invitrogen).
CGG repeat allele size was determined using PCR and Southern blot analysis (43, 44).

Cerebral microbleeds quantification

While performing routine microscopic analysis of FXTAS brain samples, we observed

that many cases presented with CMBs (Figure 1). In order to assess if CMBs were a
characteristic of FXTAS, we analyzed tissue from the cerebral cortex and cerebellum of 15
FXTAS cases and 15 control cases (Figure 1). A blinded investigator evaluated the presence
of CMBs in cerebral and cerebellar sections at 10x in H&E stained tissue (yes/no) and
classified the number of CMBs with the following scoring system: 0 = No CMBs; 1 = 1-2
small CMBs; 2 =1 large or 3 small CMBs; 3= > 2 large or > 3 small CMBs.

Perl’s staining

We treated sections in 1:1 10% potassium ferrocyanide (Fisher) and 20% hydrochloric

acid (Fisher) for 10 minutes at room temperature, counterstained with Nuclear Fast red
(Ricca Chemical, USA), dehydrated with ethanol, cleared with xylene, and coverslipped
with Permount (Fisher). Blue (Prussian blue) color confirmed the presence of iron bound to
hemosiderin in ferric state.

Congo red staining

We stained tissue with the modified Puchtler’s Congo red amyloid method. We treated
sections with modified Weigert’s iron hematoxylin for 10 seconds, washed and placed in

Mov Disord. Author manuscript; available in PMC 2024 March 12.
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acid alcohol solution, followed by a filtered Congo red solution (C6767, Sigma-Aldrich)

for 20 minutes, dehydrated in ethanol, cleared with xylene, and coverslipped with Permount
(Fisher) (45). Congo red stains amyloid protein aggregates when in a compacted form

(46). Under cross-polarized light, stained aggregates show an apple-green birefringence (47)
(Figure 2).

Iron quantification

We analyzed the area occupied by positive Prussian blue stain using NIH ImageJ software.
Images from every FXTAS and control case were captured at 20x (Keyence microscope)

and merged in a single image. We randomly selected areas of 5.04 mm#/field from

the cerebrum and 3.17 mm?2/field from the cerebellum and segmented the colors using

the colour deconvultion plugin developed by G. Landini (http://www.dentistry.oham.ac.uk/
landinig/software/cdeconv/cdeconv.html). We recorded the total percentage area occupied by
Prussian blue for each sample.

Grading systems for cerebral amyloid angiopathy

We used two complementary grading systems to characterize CAA. The first, established
by Olichney and colleagues in 1995 (48), classifies amyloid based on a 5-level positivity
grading system, where 0 = no Ap-positive blood vessels, 1 = scattered Ap positivity, 2 =
strong, circumferential Ap in some blood vessels, 3 = widespread, strong, circumferential
AB, and 4 = same as grade 3 with dysphoric changes. The second one, developed by
\onsattel el al (49), grades CAA based on the degree of amyloid infiltration into the vessel
wall, mild = amyloid restricted to the tunica media, moderate = the tunica media is thicker
than normal and replaced by amyloid, and severe = extensive deposition of amyloid, wall
fragmentation, and leakage of blood through the vessel wall.

Ubiquitin and amyloid immunohistochemistry (IHC)

We incubated sections in DIVA for 8 minutes at 110°C followed by 3% hydrogen peroxide,
permeabilized and blocked in a TBS based solution containing Triton and donkey serum for
1 hour (75% TBS, 15% Triton, 10% serum), incubated with primary antibodies overnight
at 4 °C in a dark and humid box (rabbit anti-ubiquitin (1:150, Dako, Denmark) and
polyclonal rabbit anti-B Amyloid 1-42 (ab10148, 1:100, Abcam)). On day 2, sections were
incubated with donkey anti-rabbit biotinylated secondary antibody (1:150, Jackson) for 1
hour, incubated in Vectastain ABC kit (Vector Labs) for 2 hours, developed in DAB kit
(\Vector Labs), dehydrated with alcohols, cleared in xylene, and cover-slipped.

Quantification of ubiquitin-positive intranuclear inclusions

For the visualization of ubiquitin-positive intranuclear inclusions in endothelial cells two
independent investigators quantified the first 20 capillaries encountered in the cerebral
and cerebellar WM and GM. We report the average of the two totals. We identified

brain capillaries by their histological characteristics, a thin wall composed of continuous
endothelial lining supported by a basement membrane and less than 8 um in diameter
suitable for the passage of a single circulating blood cell (50). Brain capillaries were
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characterized by the absence of astrocytic fibers, pericytes, nor smooth muscle cells. We
took images on an Olympus microscope using 20X-100X oil objectives.

Statistical analysis

Results

Statistical significance was defined as £ < 0.005, per Benjamin and Berger (51), with

P < 0.05 considered suggestive. Age was compared between FXTAS and control cases
using a Wilcoxon rank-sum test, and categorical variables were compared between groups
using Fisher’s Exact Test. The associations between CMBs (which were ordered categorical
variables) and group or clinical variables were analyzed using proportional odds logistic
regression (52). The relationships between inclusions and CMBs or between years to
progression and CMBs were analyzed using linear regression. Years to disease progression
was log transformed prior to analysis in order to more closely satisfy model assumptions.
Olichney scores were compared between groups and associated with clinical variables using
proportional odds logistic regression. Vonsattel scores were compared between groups using
Fisher’s exact test, and associated with clinical variables using logistic regression. Iron
accumulation was compared between groups and associated with clinical variables using
linear models. Iron percentage was log transformed in order to more closely satisfy model
assumptions. Analyses were conducted using R version 4.06.2 (2020-06-22) (53).

Cerebral microbleeds are common in FXTAS

All FXTAS brains had WM alterations in the cerebral and the cerebellar cortex, including
WM vacuolization, axonal loss and widened perivascular spaces, consistent with the
histological definition of WMD. We quantified the number of CMBs in the GM and WM of
the prefrontal cerebral cortex and cerebellum of FXTAS and control cases (Figure 1A-D).

We found that 56% of the FXTAS cases presented with CMBs in the WM of the cerebral
and cerebellar cortices. The GM of the cerebral cortex was affected with CMBs in 40% of
the cases, while 33% had CMBs in the GM of the cerebellum. In contrast, 6.6% control
cases had CMBs in cerebral WM, 20% in cerebral GM, and 6.6% in cerebellar GM and
WM. FXTAS cases presented with a significant increase in the number of CMBs in the
cerebral WM (£ =0.000891) and in the cerebellar WM (£ = 0.000822) compared to control
cases (Table 2). The difference of CMB scores in cerebellar GM (OR 7.54, 95% CI 1.01-
156.27, P=0.0483) suggested that FXTAS cases had higher odds of a greater number of
CMBs than control cases. We did not find a significant difference in the cerebral GM. In
addition, we did not find any association between a higher CMB score in the cerebral WM,
cerebral GM or cerebellar WM and age, number of CGG repeats, diagnosis of hypertension
or stroke, use of anticoagulants or antiplatelets, and age of onset of FXTAS symptoms.
However, data suggested that more years of disease progression might be associated with
lower odds of a higher CMB score in the GM of the cerebellum (P =0.00657). In other
words, patients with FXTAS presenting with rapid disease progression had higher odds of a
higher CMB score in the cerebellar GM (see supplementary material).

Mov Disord. Author manuscript; available in PMC 2024 March 12.
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Iron accumulation in FXTAS

We visualized iron in the GM and WM of the prefrontal cerebral cortex and cerebellum
using Perl’s staining. There was no significant difference in iron occupancy between FXTAS
and control cases across all of the studied brain regions. There was no association between
the area occupied by iron in the cerebral and cerebellar cortices of FXTAS cases and CGG
repeats, age, rate of disease progression (in years), diagnosis of hypertension, stroke, and
anticoagulant use.

Cerebral amyloid angiopathy in FXTAS

We quantified the amount of amyloid contained in blood vessels in sections from BA8, BA9
and cerebellar cortex stained with Congo red and Ap IHC (Figure 2) in FXTAS and control
cases. We found that FXTAS cases had higher odds of a higher CAA-Olichney score than
control cases in the prefrontal cerebral cortex (OR 4.44, 95% ClI 1.02,22.00, A= 0.0466).
We did not find a difference in the cerebellar cortex. Data suggest that a later onset of
symptoms (P = 0.0457) and a faster progression of FXTAS before death (£=0.0199) are
associated with higher odds of a higher CAA-Olichney score in the cerebral cortex. Within
FXTAS cases, while 35% had a mild and 28% a moderate Vonsattel-CAA score, but none
had a severe score. In contrast, only mild CAA-Vonsattel scores were registered in 35% of
the controls. The difference in CAA-Vonsattel score between groups was not statistically
significant.

Intranuclear inclusions in cerebral endothelial cells

Endothelial cells stained with an antibody against ubiquitin and Nissl presented with a pale
violet cytoplasm, a dark violet nucleus and brown intranuclear inclusions (Figure 3). In
FXTAS, only some capillaries presented endothelial cells with inclusions, and only some
endothelial cells contained an inclusion within a given capillary (mean 13%, SD 12%). The
percentage of capillaries compromised with intranuclear inclusions in their endothelial cells
showed high variability from case to case (from 0% to 35%), and each case also had variable
presentation across different brain areas. Higher CMB scores in the cerebral prefrontal
cortical WM (P=0.00598) and GM (£ = 0.0201) were suggestively associated with a higher
percentage of capillaries with inclusions. No association was found in the cerebellar cortex.

Discussion

Cerebral microbleeds are expressions of cerebrovascular dysfunction in FXTAS

CMBs are microscopic bleedings associated with microangiopathy. The presence of CMBs
in healthy subjects displays age-related increase in prevalence, ranging from 6.5% in 45—
50 years old individuals to 35.7% in individuals aged 80 years (77). CMBs have a high
prevalence in neurodegenerative diseases (78, 79) and chronic systemic hypertension (80).
We found that most CMBs in FXTAS contained intact erythrocytes, suggesting that these
were acute and not chronic CMBs. CMBs in the cortex of the human brain have been
associated with the severe accumulation of Ap in the walls of leptomeningeal and cortical
small vessels (82), defined as CAA (83, 84). CAA is found in ~50-80% of patients with
dementia (85, 86) and up to 95% of patients with AD (87, 88). We found higher CAA
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scores in FXTAS relative to controls in the cerebral cortex but not in the cerebellum. This
suggests that the presence of CAA in patients with FXTAS may contribute to a vascular
component of pathology. However, we did not confirm a correlation between Olichney or
Vonsattel-CAA scoring systems and CMB scores in FXTAS. Based on our analysis we
cannot conclude that a grater number of CMBs is associated with more severe CAA in

the studied brain regions of FXTAS cases. Our data are consistent with an AD’s study
reporting a CAA correlation with age and the severity of amyloid plaques deposition, while
the correlation with microinfarcts was not statistically significant (84). Further studies are
needed to examine additional causes of vascular pathology in FXTAS.

Iron deposits are located in specific brain regions in FXTAS

Abnormal iron accumulation can occur as part of the normal aging process, and in
neurodegenerative diseases, such as MS, AD and CAA (90). Our previous work indicate
that iron accumulated in the putamen, choroid plexus and dentate nucleus of the cerebellum
in FXTAS (20-22). However, we did not find a generalized increase in the amount of iron
deposits within the FXTAS cases in the cerebellar and prefrontal cerebral cortex (21). These
data also suggest that the CMBs we describe in FXTAS are mostly acute, since chronic
CMBs are associated with the deposition of blood-breakdown products, in particular iron
bound to hemosiderin, within perivascular macrophages, rarely detected in the studied areas
of our FXTAS cases.

Endothelial cells have intranuclear inclusions in FXTAS

We showed that endothelial cells in FXTAS present with intranuclear inclusions.

We hypothesize that endothelial cells containing intranuclear inclusions in FXTAS

are compromised, producing changes in the endothelial structure that may cause the
discontinuation of the contact between cells. This is supported by the observation of
widened perivascular spaces, which may be an indication of compromised blood-brain
barrier. This alteration could translate into the breakage of the capillary and/or the
dysfunction of tight junctions leading to increased vascular permeability and leakage of
erythrocytes. Another possibility is that vascular changes are due to an inflammatory process
that results in endothelial failure and neurovascular unit dysfunction (91, 92). FXTAS
presents with a generalized proinflammatory state evident by the presence of microglial
activation and microglial senescence (23), iron deposition (20-22), oxidative stress (93, 94)
and elevated cytokine levels (95). Most likely, a combination of events above, in addition to
coexisting CAA, is responsible for the capillary dysfunction that underpins the presence of
CMBs in FXTAS.

Microangiopathy is a component of FXTAS

We consider FXTAS as a neurodegenerative disease associated with microangiopathy of
the brain. Microangiopathy refers to conditions with damaged capillaries and characterized
by CMBs, WMHSs on MRI, reduced WM integrity, axonal injury, neuronal apoptosis,
demyelination, oligodendrocyte damage, enlarged perivascular spaces, and brain atrophy
(91, 96, 97), all presenting in FXTAS. Additionally, cerebrovascular dysfunction is linked
to dementia, psychiatric disorders, and gait abnormalities, also characteristics of FXTAS
(98, 99). Although features of microangiopathy have been reported in previous studies (60,
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Limitations

69), the current study demonstrates for the first time the evidence for a microangiopathy
component in FXTAS pathology.

Our data on postmortem analysis show that CMBs are common in the brain cortical WM
in FXTAS. We have to be conservative with our conclusions given the studied sample
size and variance of the measures. Some of the findings which were not significant during
our evaluation might be due to the study being under-powered. We should also note that
our findings relate only to the studied areas: prefrontal and cerebellar cortices. Additional
studies are required to evaluate the burden of CMBs in other areas of the brain, including
subcortical areas.

Conclusions

We demonstrated the presence of CMBs and intranuclear inclusions in endothelial cells

in FXTAS. There is an increased number of CMBs in the cerebral and cerebellar cortical
WM of FXTAS compared to control cases and a possible association between CMB scores
and the percentage of capillaries with intranuclear inclusions in the endothelial cells of

the cerebral cortex. There is also a positive association between the number of capillaries
containing AP in the cerebral prefrontal cortex of FXTAS cases and the age of onset of
symptoms and the rate of disease progression. We conclude that the underlying pathogenic
mechanism of FXTAS compromises cerebral vasculature leading to a series of complex
pathological changes and endothelial abnormalities. We suggest that the presence of CMBs
in the cortical WM should be considered as part of the histopathologic manifestation of
FXTAS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cerebral microbleeds (CMBs) stained with H&E. CMBs in WM and GM of (A-B)

prefrontal cortex and (C-D) cerebellum. Scale bar: 50 pm.
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Figure 2.

AP in blood vessels. (A-B) AB in blood vessel in WM of the prefrontal cortex in FXTAS,
stained with congo red under polarized light. (C-D) Ap in blood vessel in WM of the
prefrontal cortex, stained with congo red under brightfield. (C) Ap blood vessel in WM of
prefrontal cortex in FXTAS. (D) Negative Ap blood vessel in WM in a control case. (E-H)
AP blood vessels in prefrontal cortex stained with an antibody against AB. (E-G) Ap blood
vessels in prefrontal cortex WM in FXTAS. (H) Negative Ap blood vessel in prefrontal
cortex WM in a control case. Scale bar in A-B: 25 um; C-D: 20 ym; E: 20 um; F-H: 10 ym.
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Figure 3.
Intranuclear inclusionsions in capillaries. (A-H) Ubiquitin stained intranuclear inclusions

(brown) in endothelial cells of capillaries in the prefrontal cortex of FXTAS cases.
Endothelial cell nuclei are elongated and stained in purple with cresyl violet. Scale bar:
10 pm.
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Table 1.

Subject Characteristics by Group

Control (n=15) Case(n=15) All Subjects(n=30) P-Value

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Age (Years) 0.1008
N 15 15 30
Mean (SD) 68.8 (8.8) 73.9(7.9) 71.4 (8.6)
Median (Range) 68 (53--81) 75 (58--85)  71.5 (53--85)

Anticoagulant Meds 0.2926
None 3 (20%) 5 (33.3%) 8 (26.7%)
Aspirin 1(6.7%) 6 (40%) 7 (23.3%)
Wiarfarin 2 (13.3%) 1(6.7%) 3 (10%)
Unknown 9 (60%) 3 (20%) 12 (40%)

Stroke 0.0752
No 5 (33.3%) 13 (86.7%) 18 (60%)
Yes 5 (33.3%) 2 (13.3%) 7 (23.3%)
Unknown 5 (33.3%) 0 5 (16.7%)

HTN 0.1760
No 1 (6.7%) 6 (40%) 7 (23.3%)
Yes 8 (53.3%) 8 (53.3%) 16 (53.3%)
Unknown 6 (40%) 1(6.7%) 7 (23.3%)
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Table 2.

Proportional Odds Logistic Regression Models of Brain CMBs in Cases and Controls

Odds Ratio (95% Confidencelnterval) P-Value

Cerebral cortex-WM 21.8 (3.13, 451.19) 0.000891
Cerebral cortex-GM 2.82(0.59, 16.10) 0.197
Cerebellar cortex-WM 22.2 (3.19, 458.70) 0.000822
Cerebellar cortex-GM 7.54 (1.01, 156.27) 0.0483
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