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Abstract

Background: Neurofilament light chain (NfL) is a marker of neuronal injury. Perivascular
spaces (PVS) visible on magnetic resonance imaging (MRI) represent cerebral small vessel
disease (CSVD) but their role as markers of neuronal injury needs further clarification.

Objective: To relate PVS burden according to brain topography and plasma NfL.

Methods: Framingham Heart Study (FHS) participants with brain MRI and NfL measurements
were included. PVS were rated in the basal ganglia (BG) and centrum semiovale (CSO) using
validated methods and categorized based on counts. A mixed region variable representing high
burden PVS in either BG or CSO was assessed. Multivariable linear regression analyses were used
to relate PVS burden to log-transformed NfL levels in models adjusted for age, sex, FHS cohort,
time between MRI and clinic exam, and image view (model 1), vascular risk factors (model 2),
and white matter hyperintensity volume, covert brain infarcts, and cerebral microbleeds (model 3).
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Results: Among 1,457 participants (68.1+8.5 years, 45% males), NfL levels increased with
higher PVS burden. Multivariable analysis showed an association of high PVS burden strictly

in BG with NfL (B = 0.117, 95% CI 0.014-0.221; p = 0.027), but attenuated in model 3. The
associations were mainly in participants =65 years (f = 0.122, 95% CI 0.015-0.229, p= 0.026),
women (B = 0.156, 95% CI 0.024-0.288, p=0.021), and APOE &4 non-carriers (f = 0.140, 95%
C10.017-0.263, p=0.026).

Conclusions: The association of strictly BG high PVS burden with NfL suggests a role for PVS
as markers of neuroaxonal injury, but our results are hypothesis generating and require further
replication.

Keywords

Alzheimer’s disease; basal ganglia; cerebral small vessel disease; MRI visible perivascular spaces;
neurofilament light chain; neuroaxonal injury

INTRODUCTION

Neurofilament light chain (NfL) is a subunit of neurofilaments present in dendrites and
neuronal bodies that confers structural stability to neurons and axons [1]. Neurofilaments
enable radial growth of axons and are highly expressed in large myelinated axons in

an age dependent manner [1]. Serum NfL levels increase in response to central nervous
system axonal damage from inflammatory, neurodegenerative, or vascular injury [1]. NfL is
also an emerging blood and cerebrospinal fluid marker of neuroaxonal damage in various
neurological diseases like multiple sclerosis [2], Alzheimer’s disease, and more recently
cerebral small vessel disease (CSVD) [3]. NfL is associated with deposition of amyloid-p
(Ap) in the leptomeningeal arteries, the hallmark of cerebral amyloid angiopathy (CAA) [4].
Recently, elevated serum NfL has been observed in patients with recent subcortical infarcts
and stroke [5]. Both cerebrospinal fluid and serum NfL have been found to be increased in
patients with white matter hyperintensities (WMH) and levels correlate with WMH load, a
magnetic resonance imaging (MRI) marker for CSVD burden [6].

Perivascular spaces (PVS) visible on brain MRI are markers of CSVD [7] and are associated
with neurological disorders including multiple sclerosis [8], dementia [9], and stroke [10]. In
a recent report, we found that PVS were associated with incident dementia in Framingham
Heart Study (FHS) participants [11], which remained independent of other MRI markers

of CSVD. One explanation is that neuronal injury is a neuropathological hallmark in the
pathophysiology of dementia. However, whether detection of high burden of PVS reflects
neuronal injury in community dwelling individuals free of neurological disease needs further
clarification.

PVS may reflect various processes such as CSVD or dysfunction in the more recently
described glymphatic system, which may not be related to CSVD. Thus, characterization

of PVS as imaging markers of neuronal injury may advance current understanding of

the pathophysiology underlying PVS, which in turn may assist to understand further the
interplay of plasma and imaging markers of dementia risk. In addition, it may further
support NfL as marker of vascular mediated neuronal injury. This may spur further research
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into intervention strategies for neurodegenerative diseases at the subclinical stages. To our
knowledge, the relation of MRI visible PVS and NfL has not yet been studied.

The aim of our research was to study the relation between PVS and NfL as marker of
neuroaxonal damage, considering the topographic location and burden of PVS as they may
reflect differing subtypes of CSVD: hypertensive arteriopathy for basal ganglia (BG) and
CAA for centrum semiovale (CSO) predominant PVS [12]. We hypothesized that MRI
visible PVS are associated with higher NfL levels in our sample of community dwelling
participants.

METHODS

Sample

The recruitment of participants in the FHS and MRI acquisition have been previously
described [13]. The FHS started in 1948 with the recruitment of the original cohort. This
was followed by recruitment of the offspring of the original cohort and spouses of the
offspring in 1971. Subsequently, the third generation made up of grandchildren of the
original cohort was recruited in 2002. The OMNI 1 cohort representing more ethnic and
racial diversity of the town of Framingham was recruited in 1994 as the previous generations
were predominately white of European descent. FHS participants are invited for examination
every 2—4 years which constitute an examination cycle, and participants undergo brain

MRI as part of ancillary studies on brain structure and cognitive outcomes [14, 15]. In

this study, we included Offspring and OMNI 1 cohort participants with available brain

MRI and NfL measurements. NfL assessment was obtained in FHS Offspring and OMNI

1 participants who attended examination cycles 9 and 4, respectively. Brain MRI occurred
during examination cycles 7 through 9 in the Offspring cohort, and examinations 2 through 4
in the OMNI 1 cohort.

Participants with available MRI attending clinic exams 9 and 4 in the Offspring and OMNI

1 cohorts, respectively, who also had NfL assessments, were eligible for this study (N =
1,995). We excluded 483 participants who did not have PVS assessment and 55 due to
missing data or history of stroke, dementia, or other neurological conditions that could affect
the estimation of PVS. After these exclusions, 1,457 participants were selected for the study.
The flow chart of participant selection is shown in Fig. 1.

The Institutional Review Board of Boston University Medical Center approved the study
protocol and informed consent was obtained from all participants.

Exposure

Brain MRI and PVS ratings—Details on the brain MRI protocol have been previously
reported [13]. We used 1.5 Tesla Magnetom scanner Siemens Medical, Erlangen Germany.

PVS were rated using the standards for reporting vascular changes on Neuroimaging
(STRIVE) consortium criteria [16]. PVS are visible spaces on brain MRI, with the same
signal intensity as cerebrospinal fluid and accompany perforating vessels as they go through
the grey or white matter [17]. They are usually found in the BG, midbrain, and CSO, and
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differ from lacunar infarcts by their small breadth (<3 mm) and absence of T2-hyperintense
border around the spaces on T2-weighted or FLAIR sequences except when they pass
through an area of WMH [17]. Intra- and inter-rater reproducibility of ratings has been
previously reported and considered good to excellent [13].

PV'S burden was categorized using a previously validated method into grades I-1V in the BG
and CSO regions based on PVS counts: grade | (1-10), grade 11 (11-20), grade 111 (20-40)
and grade 1V (>40) [17]. PVS were rated irrespective of the other region (i.e., BG ratings
were rated irrespective of CSO ratings and vice versa). In each region, we defined high
burden as grades 11 or V. The high burden definition was then used to create a categorical
variable to describe high burden in mixed brain regions as follows: no high burden in either
the BG or CSO, high burden strictly in the BG (i.e., excluding those with concurrent high
burden in the CSO), high burden strictly in the CSO (i.e., excluding those with concurrent
high burden in the BG), and high burden in both brain regions. It is important to note that the
groups denoted strictly in the BG or CSO differ from the groups in the respective regions in
that exclusion of cases that have concurrent high burden on both regions, which may allow a
clearer representation of the underlying arteriopathy (hypertensive for BG or CAA for CSO).

Cerebral microbleeds, white matter hyperintensities, and covert brain infarcts
—\We obtained data for cerebral microbleeds, covert brain infarcts and WMH using MRI
acquisition and ratings previously described [18, 19]. Cerebral microbleeds were defined
according to published guidelines [20] and were categorized as present or absent, strictly
deep, strictly lobar or mixed topography. Covert brain infarcts were detected visually and
characterized according to brain topography, imaging characteristics, and size (>3 mm and <
15 mm) [21].

At the FHS, non-fasting blood samples collected from each participant in EDTA tubes were
immediately centrifuged, aliquoted, and stored at —80°C. Plasma NfL (pg/ml) was analyzed
using Quanterix Single Molecule Array (Simoa)TM assay on an HDX analyzer (Quanterix,
Billerica, MA). Inter-assay coefficient of variation was 11.73%.

Clinical characteristics

Demographic and clinical characteristics were extracted from the exam cycle closest to
MRI as previously described [22]. Systolic and diastolic blood pressures (mmHg) were
each taken as the average of the FHS clinic physician’s two measurements. We defined
hypertension according to JNC-7 (Seventh Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High Blood Pressure) criteria as
systolic blood pressure 2140 mm Hg, diastolic blood pressure =290 mmHg, or use of
antihypertensive medications [22]. The values of blood pressure were approximated to the
nearest 2 mmHg.

Diabetes mellitus was defined as a fasting blood glucose of 2126 mg/dL or use of oral
hypoglycemic agents or insulin. The values of blood glucose and the lipid panel were
approximated to the nearest whole number. We defined current smoking status as self-
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reported smoking of at least one cigarette per day within the year preceding examination
and use of statins and other medications were also self-reported [22]. APOE genotype was
defined using previously described methods in the FHS [23]. APOE &4 carriers included
participants with £2/e4, £3/£4, and 4/ 4 alleles whereas non-carriers had £2/£2, £2/£3, or
£3/ 3.

Statistical analysis

Descriptive statistics for clinical and demographic variables were obtained for the overall
sample. Plasma NfL concentrations were highly skewed with a mean of 23.6 (+37.4) and
median (Q1, Q3) of 17.6 (12.8, 25.5) and were log-transformed for analysis. The log
transformed NfL concentrations were normally distributed satisfying the assumptions for
linear regression analysis.

Multivariable linear regression analyses were used to relate PVS burden to plasma NfL
levels stratified by PVS topography (BG, CSO, and mixed regions). Because of the smaller
sample size in some subgroups of PVS burden, we categorized PVS burden in the BG and
CSO into high burden (grades I11-1V) and low burden (grades I-11) for analysis, with low
burden as the reference group. As previously stated, the mixed regions denote high burden
neither in the BG nor CSO, high burden strictly in the BG, high burden strictly in the CSO,
or concurrent high burden in both brain regions. In the mixed regions, the reference group
was no high burden in either the BG or CSO.

Our primary model (model 1) adjusted for age, sex, FHS cohort, time interval between

MRI acquisition and clinic examination, and image view (axial or coronal). A second

model (model 2) additionally adjusted for hypertension, diabetes mellitus, and smoking.

A third model (model 3) included covariates from model 2 and additionally adjusted for
CSVD markers: presence of cerebral microbleeds, WMH volume, and covert brain infarcts.
Exploratory models adjusted for individual CSVVD markers using the covariates from model
2 was done to assess if a particular CSVD marker was driving the attenuation of associations
noted. Variance inflation factors were used to assess multicollinearity.

We also evaluated effect measure modification using stratified analyses by age (<65 years,
=65 years), sex (male, female), presence of hypertension, and APOE &4 allele presence
using the covariates in model 1, removing sex as a covariate in the model assessing effect
modification by sex. All analyses were performed using SAS version 9.4 (SAS Institute,
Cary, NC). A pvalue < 0.05 (uncorrected) was considered statistically significant.

RESULTS

The sample comprised of elderly participants with favorable vascular risk factors and fair
representation of males and females (Table 1). Participants included in the study were older
and had higher proportions of vascular risk factors than those excluded. We observed older
age, higher systolic blood pressure, and higher proportion of participants with hypertension
as PVS burden increased. Similarly, we observed higher levels of NfL as PVS burden
increased both in the BG and CSO regions (Tables 2 and 3). NfL levels were higher in those
with high burden strictly in the BG relative to those with strictly high burden in the CSO.
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Multivariable analyses (Table 5)

We observed no evidence of multicollinearity in our statistical models (Variance inflation
factors < 2 for all variables). In the primary multivariable analyses (model 1), no significant
associations were seen between high PVS burden (grade 111-1V) in the BG (p = 0.038; 95%
Cl: -0.033, 0.109; p=0.30) or CSO (p = 0.001; 95% CI: -0.057, 0.059; p = 0.98) plasma
NfL levels. No considerable changes were noted in subsequent models.

In analyses relating high PVS burden using the mixed regions grouping, we observed that
high burden PVS strictly in the BG was significantly associated with plasma NfL in model

1 (B =0.117; 95% CI: 0.015, 0.219; p= 0.025), which remained significant after adjustment
for vascular risk factors in model 2 (B = 0.118; 95% CI: 0.014, 0.221; p = 0.027). However,
the association was attenuated and no longer significant after additional adjustment for other
MRI markers of CSVD in model 3 (§ = 0.098; 95% CI: —-0.041, 0.237; p= 0.17).

Exploratory analyses adjusting for markers of CSVD individually in addition to the vascular
risk factors in model 2 showed that the association remained significant after adjusting for
covert brain infarcts (B = 0.112; 95% CI: 0.067, 0.216; p = 0.036), but not when adjusting
for WMHV (B = 0.094; 95% CI: —0.016, 0.204; p= 0.092) or cerebral microbleeds (p =
0.094; 95% CI: —0.040, 0.227; p= 0.168). Lastly, because renal function may influence
NfL levels we assessed models adjusting for estimated glomerular filtration rate but did not
observe changes in any associations.

Effect modification

We observed that the association of high burden PVS strictly in the BG with higher NfL was
modified by age, sex, and APOE &4 allele presence using the covariates in model 1. The
associations were significant among women (g = 0.156; 95% CI: 0.024-0.288; p = 0.021),
participants 65 years and older (f = 0.122; 95% CI: 0.015-0.229; p = 0.026), and those
without any APOE &4 alleles (B = 0.140; 95% CI: 0.017-0.263; p= 0.026; Tables 6-8). In
participants < 65 years with high burden PVS in the BG and CSO, there was a borderline
association with NfL level though it did not reach statistical significance. In addition, in
women only high PVS burden in the BG (which allowed for concurrent high PVS burden in
the CSO) was associated with NfL levels (§ = 0.101; 95% ClI: 0.011-0.191; p= 0.029). We
did not observe any associations between PVS and NfL level when stratified by presence of
hypertension in both the BG (B = 0.256; 95% CI: —0.062-0.113; p=0.567) and CSO ( =
0.115; 95% CI -0.063-0.086; p = 0.764). No significant associations between CSO PVS and
NfL were observed in any subgroup.

DISCUSSION

In our community-based study of elderly participants free of dementia and stroke, we
observed that levels of NfL increased with higher PVS burden. However, in multivariable
analyses, only strictly high burden of MRI visible PVS in the BG were related to higher NfL
levels compared to those without any high burden of PVS in either region. This association
was mainly in women, individuals 65 years or older, and those without any APOE &4 allele.

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 05.
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Most population-based studies examining the association of CSVD with plasma NfL have
focused on WMH with paucity of data on MRI visible PVS and NfL. In the Cardiovascular
Health Study [6], white matter grade at baseline, and its worsening at follow up, were
associated with plasma NfL. Similar findings were noted by Duering and colleagues [3],
who observed that WMH and lacunar infarcts were associated with NfL, and in the Swiss
atrial fibrillation study, which observed that white matter volumes were associated with
higher serum NfL [24]. Our study reports on the novel association of PVS strictly in the BG
with plasma NfL, thus expanding previous reports to an additional CSVD marker that may
also reflect perivascular drainage impairment.

Although the associations were independent of vascular risk factors, after adjustment for
cerebral microbleeds, covert brain infarcts and WMH, they were no longer significant
suggesting that the relation of PVS burden with NfL may reflect the same relation as

other CSVD markers. Exploratory models individually controlling for cerebral microbleeds,
covert brain infarcts, and WMH in addition to vascular risk factors showed that the
association was independent of covert brain infarcts but not of WMH volumes or cerebral
microbleeds.

From our findings, high burden PVS strictly in the BG was associated with neuroaxonal
damage (as reflected by higher NfL levels), which persisted after adjusting for vascular risk
factors. If we assume that high PVS burden in the BG reflects the effects of hypertensive
arteriopathy, then these results could reflect the effect of hypertension related brain injury.
Although our exploratory analyses stratified by history of hypertension did not show
different results, the assessment is cross-sectional and does not account for long term
trends in hypertension status and blood pressure control. These findings suggest that BG
PVS may reflect the same effect of CMB in deep regions which are considered to reflect
hypertensive angiopathy. However, MRI visible PVS have also been suggested to reflect
impaired perivascular drainage (“glymphatic dysfunction”), which may provide additional
insight into the pathophysiology of CSVD and are suggested to be an early marker of CSVD
[25].

The different associations noted between the group of high BG PVS burden (which allowed
for concurrent high burden in the CSO) and the group of strictly high BG PVS burden
(which excluded participants with concurrent high burden in the CSO) could be related to
treatment effects or residual confounding. For instance, the proportion of participants with
antihypertensive treatment in the highest grade of the high PVS in BG group is 80%, while
the proportion on antihypertensive treatment is 63% in the high PVS strictly in BG group.
Thus, protective effects from antihypertensive treatment could potentially account for lower
NfL levels in the former group.

Although it is important to note that our epidemiological study is cross sectional in

nature, which limits causal inferences in the association between PVS and NfL, it may

be speculated that exposure to uncontrolled vascular (or other) risk factors leads to high
burden of PVS, representing CSVD and glymphatic dysfunction. This in turn may lead to
neuronal injury and eventually adverse cognitive outcomes. However, it is possible that once
high PVS burden occurs, a vicious cycle ensues where brain and neuronal injury may lead to

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 05.
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further increase in PVS burden through excess production and perivascular accumulation of
amyloid-B, for instance.

The subgroup analyses for effect modification noted that the association between strictly
high burden PVS in the BG and NfL occurred in those participants 65 years and older and in
women, highlighting the strong role of age in neuroaxonal damage and suggesting that sex
differences may be important in the relation between brain MRI and some serum markers

of neuroaxonal damage. Peters [26] noted different brain regions are affected by aging in
both sexes with the frontal and temporal lobes more affected in men while the hippocampus
and parietal lobe were more likely affected in women. The borderline association observed
in participants younger than 65 years where the group with high PVS burden in both the

BG and CSO regions showed a positive association with NfL may suggest that younger
individuals < 65 years may experience neuroaxonal damage when diffuse brain involvement
occurs, but these finding needs replication. The finding that APOE 4 genotype did not
modify the relation of PVS burden with NfL is counterintuitive given the strong association
of this genotype with neurodegenerative diseases like Alzheimer’s disease, and CSVD such
as CAA. Our study, however, cannot exclude a role for APOE &4 alleles in neuroaxonal
damage reflected by PVS; given the complexity of genetic and environmental interactions in
cerebrovascular disease, it is likely that there are subgroups of individuals where this is true,
and our finding may be influenced by residual confounding.

Our study did not find significant associations of high CSO PVS burden with NfL levels.
High CSO PVS burden is suggested to represent underlying CAA or advanced hypertensive
angiopathy. Although our sample is large, selection of participants was limited by the
available measurements, which may have resulted in non-differential selection bias, thus
our study cannot exclude that an association is present between PVS in the CSO and NfL.
If we assume that they represent advanced hypertensive angiopathy, then it may be that
higher hypertension burden (such as longer exposure, exposure to uncontrolled levels) than
experienced by the sample studied is needed to reflect higher NfL levels. However, further
studies are needed to characterize the relation of CSO PVS with NfL and validate our
findings in the BG.

Clinical relevance

NfL is considered a sensitive marker of neuroaxonal damage but is not specific and may

be elevated by varied diseases. Our sample included community dwelling individuals free

of stroke, dementia and other neurological disorders known to affect brain MRI (such

as brain tumors, multiple sclerosis, head injury). We related NfL levels to amyloid-f 40,
amyloid-p 42, and plasma tau levels, observing weak but significant correlations suggesting
that amyloid and tau related pathways may be implicated (Spearman correlation coefficients
0.077, 0.20, and 0.22, respectively, all p< 0.01). Findings from this study, along with reports
relating PVS with neuroimaging markers such as lower brain and hippocampal volumes,
suggest a role for PVS as marker of ongoing neuronal injury.

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 05.
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Strengths and limitations

Conclusion

Our study has several strengths including its large sample size, evaluation of a plasma

NfL in community dwelling individuals free of stroke or dementia, accurate assessment

of exposure, outcome and common confounders, and blinded assessments of PVS. The
study also has limitations to consider; the sample evaluated is limited by the availability of
NfL measurements thus requiring replication in other samples. In terms of selection bias,
participants undergoing brain MRI generally tend to be healthier than those in whom MRI is
not obtained. We compared the demographic and clinical characteristics between the 1,457
participants included in our sample and the 483 participants excluded. Overall, the samples
were similar in age, cohort, sex, and vascular risk factors. NfL levels were also similar with
median of 17.6 (IQR:12.8, 25.5) in the included group and 18.3 (IQR: 13.4, 26.2) in the
excluded group. Although we cannot entirely exclude selection bias, it would be likely to
exclude higher risk individuals, thus biasing results towards null effects.

Although PVS assessments predated NfL measurements, the study is considered cross-
sectional in design thus limiting our ability to assess a causal relationship between PVS
burden and NfL. We performed multiple comparisons thus our results should be viewed as
hypothesis generating and need replication. In addition, the composition of FHS participants
which is mainly White European descent limits generalization of findings to other racial
groups.

Our findings suggest that high PVS burden strictly in the BG may be associated with
higher plasma NfL level suggesting a role for high PVS burden as markers of ongoing
neuronal injury. The association is modified by age, sex, and APOE genotype highlighting
the complexity of relations between neuroimaging and circulating biomarkers. Our findings
are hypothesis generating and need replication in other studies.

ACKNOWLEDGMENTS

FUNDING

The authors have no acknowledgments to report.

This work (design and conduct of the study, collection and management of the data) was supported

by the Framingham Heart Study’s National Heart, Lung, and Blood Institute contract (N01-HC25195;
HHSN2682015000011) and by grants from the National Institute of Neurological Disorders and Stroke (R01-
NS017950-37), the National Institute on Aging (R01 AG059725; AG008122; AG054076; K23AG038444; R03
AG048180-01A1; AG033193); NIH grant (P30 AG010129). Hugo J. Aparicio is supported by an American
Academy of Neurology Career Development Award and the Alzheimer’s Association (AARGD-20-685362).
Charles DeCarli is supported by NIH grants P30 AG072972 and RO1AG054076. Sudha Seshadri, Claudia Satizabal
and Tiffany Kautz are supported by the NIH grant UH2/UH3 and U19 markVCID grants and the STAC P30.

DATA AVAILABILITY

Data from this manuscript may be shared with qualified investigators following FHS data
sharing procedures outlined at https://www.framinghamheartstudy.org/.

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 05.


https://www.framinghamheartstudy.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ekenze et al. Page 10

REFERENCES

[1]. Gaetani L, Blennow K, Calabresi P, Di Filippo M, Parnetti L, Zetterberg H (2019) Neurofilament
light chain as a biomarker in neurological disorders. J Neurol Neurosurg Psychiatry 90, 870-881.
[PubMed: 30967444]

[2]. Disanto G, Barro C, Benkert P, Naegelin Y, Schadelin S, Giardiello A, Zecca C, Blennow K,
Zetterberg H, Leppert D, Kappos L, Gobbi C, Kuhle J, Swiss Multiple Sclerosis Cohort Study
Group (2017) Serum Neurofilament light: A biomarker of neuronal damage in multiple sclerosis.
Ann Neurol 81, 857-870. [PubMed: 28512753]

[3]. Duering M, Konieczny MJ, Tiedt S, Baykara E, Tuladhar AM, Leijsen EV, Lyrer P, Engelter ST,
Gesierich B, Achmuller M, Barro C, Adam R, Ewers M, Dichgans M, Kuhle J, de Leeuw FE,
Peters N (2018) Serum neurofilament light chain levels are related to small vessel disease burden.
J Stroke 20, 228-238. [PubMed: 29886723]

[4]. Weller RO, Boche D, Nicoll JA (2009) Microvasculature changes and cerebral amyloid angiopathy
in Alzheimer’s disease and their potential impact on therapy. Acta Neuropathol 118, 87-102.
[PubMed: 19234858]

[5]. Traenka C, Disanto G, Seiffge DJ, Gensicke H, Hert L, Grond-Ginsbach C, Peters N, Regeniter
A, Kloss M, De Marchis GM, Bonati LH, Lyrer PA, Kuhle J, Engelter ST (2015) Serum
neurofilament light chain levels are associated with clinical characteristics and outcome in
patients with cervical artery dissection. Cerebrovasc Dis 40, 222-227. [PubMed: 26418549]

[6]. Fohner AE, Bartz TM, Tracy RP, Adams HHH, Bis JC, Djousse L, Satizabal CL, Lopez OL,
Seshadri S, Mukamal KJ, Kuller LH, Psaty BM, Longstreth WT Jr. (2022) Association of serum
neurofilament light chain concentration and MRI findings in older adults: The Cardiovascular
Health Study. Neurology 98, e903-e911. [PubMed: 34921102]

[7]. Brown R, Benveniste H, Black SE, Charpak S, Dichgans M, Joutel A, Nedergaard M, Smith KJ,
Zlokovic BV, Wardlaw JM (2018) Understanding the role of the perivascular space in cerebral
small vessel disease. Cardiovasc Res 114, 1462-1473. [PubMed: 29726891]

[8]. Wuerfel J, Haertle M, Waiczies H, Tysiak E, Bechmann I, Wernecke KD, Zipp F, Paul F (2008)
Perivascular spaces—MRI marker of inflammatory activity in the brain? Brain 131, 2332-2340.
[PubMed: 18676439]

[9]. Shams S, Martola J, Charidimou A, Larvie M, Granberg T, Shams M, Kristoffersen-Wiberg M,
Wahlund LO (2017) Topography and determinants of magnetic resonance imaging (MRI)-visible
perivascular spaces in a large memory clinic cohort. J Am Heart Assoc 6, €006279. [PubMed:
28939709]

[10]. Rouhl RP, van Oostenbrugge RJ, Knottnerus IL, Staals JE, Lodder J (2008) Virchow-Robin
spaces relate to cerebral small vessel disease severity. J Neurol 255, 692-696. [PubMed:
18286319]

[11]. Romero JR, Pinheiro A, Aparicio HJ, DeCarli CS, Demissie S, Seshadri S (2022) MRI visible
perivascular spaces and risk of incident dementia: The Framingham Heart Study. Neurology 99,
€2561-e2571. [PubMed: 36175148]

[12]. Charidimou A, Boulouis G, Pasi M, Auriel E, van Etten ES, Haley K, Ayres A, Schwab KM,
Martinez-Ramirez S, Goldstein JN, Rosand J, Viswanathan A, Greenberg SM, Gurol ME (2017)
MRI-visible perivascular spaces in cerebral amyloid angiopathy and hypertensive arteriopathy.
Neurology 88, 1157-1164. [PubMed: 28228568]

[13]. Lara FR, Scruton AL, Pinheiro A, Demissie S, Parva P, Charidimou A, Francis M, Himali
JJ, DeCarli C, Beiser A, Seshadri S, Romero JR (2022) Aging, prevalence and risk factors
of MRI-visible enlarged perivascular spaces. Aging (Albany NY) 14, 6844-6858. [PubMed:
35852852]

[14]. DeCarli C, Pase M, Beiser A, Kojis D, Satizabal C, Himali J, Aparicio H, Flether E, Maillard
P, Seshadri S (2023) Secular trends in head size and cerebral volumes in the Framingham Heart
Study for birth years 1902-1985. Res Sq [Preprint], rs.3.rs—2524684.

[15]. Andersson C, Johnson AD, Benjamin EJ, Levy D, Vasan RS (2019) 70-year legacy of the
Framingham Heart Study. Nat Rev Cardiol 16, 687-698. [PubMed: 31065045]

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ekenze et al.

Page 11

[16]. Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne R, Lindley RI, O’Brien

JT, Barkhof F, Benavente OR, Black SE, Brayne C, Breteler M, Chabriat H, Decarli C, de

Leeuw FE, Doubal F, Duering M, Fox NC, Greenberg S, Hachinski V, Kilimann I, Mok V,
Oostenbrugge R, Pantoni L, Speck O, Stephan BC, Teipel S, Viswanathan A, Werring D, Chen C,
Smith C, van Buchem M, Norrving B, Gorelick PB, Dichgans M, nEuroimaging STfRVco (2013)
Neuroimaging standards for research into small vessel disease and its contribution to ageing and
neurodegeneration. Lancet Neurol 12, 822—-838. [PubMed: 23867200]

[17]. Doubal FN, MacLullich AM, Ferguson KJ, Dennis MS, Wardlaw JM (2010) Enlarged

perivascular spaces on MRI are a feature of cerebral small vessel disease. Stroke 41, 450-454.
[PubMed: 20056930]

[18]. Romero JR, Preis SR, Beiser AS, DeCarli C, Lee DY, Viswanathan A, Benjamin EJ, Fontes

J, Au R, Pikula A, Wang J, Kase CS, Wolf PA, Irrizary MC, Seshadri S (2012) Lipoprotein
phospholipase A2 and cerebral microbleeds in the Framingham Heart Study. Stroke 43, 3091—
3094. [PubMed: 22961963]

[19]. DeCarli C, Massaro J, Harvey D, Hald J, Tullberg M, Au R, Beiser A, D’Agostino R, Wolf

PA (2005) Measures of brain morphology and infarction in the Framingham Heart Study:
Establishing what is normal. Neurobiol Aging 26, 491-510. [PubMed: 15653178]

[20]. Greenberg SM, Vernooij MW, Cordonnier C, Viswanathan A, Al-Shahi Salman R, Warach

S, Launer LJ, Van Buchem MA, Breteler MM, Microbleed Study Group (2009) Cerebral
microbleeds: A guide to detection and interpretation. Lancet Neurol 8, 165-174. [PubMed:
19161908]

[21]. Pikula A, Beiser AS, DeCarli C, Himali JJ, Debette S, Au R, Selhub J, Toffler GH, Wang TJ,

Meigs JB, Kelly-Hayes M, Kase CS, Wolf PA, Vasan RS, Seshadri S (2012) Multiple biomarkers
and risk of clinical and subclinical vascular brain injury: The Framingham Offspring Study.
Circulation 125, 2100-2107. [PubMed: 22456473]

[22]. Shoamanesh A, Preis SR, Beiser AS, Vasan RS, Benjamin EJ, Kase CS, Wolf PA, DeCarli C,

Romero JR, Seshadri S (2015) Inflammatory biomarkers, cerebral microbleeds, and small vessel
disease: Framingham Heart Study. Neurology 84, 825-832. [PubMed: 25632086]

[23]. Pinheiro A, Demissie S, Scruton A, Charidimou A, Parva P, DeCarli C, Seshadri S, Romero JR

(2022) Association of Apolipoprotein E &4 allele with enlarged perivascular spaces. Ann Neurol
92, 23-31. [PubMed: 35373386]

[24]. Polymeris AA, Coslovksy M, Aeschbacher S, Sinnecker T, Benkert P, Kobza R, Beer J,

Rodondi N, Fischer U, Moschovitis G, Monsch AU, Springer A, Schwenkglenks M, Wuerfel
J, De Marchis GM, Lyrer PA, Kuhne M, Osswald S, Conen D, Kuhle J, Bonati LH, Swiss-AF
Investigators (2020) Serum neurofilament light in atrial fibrillation: Clinical, neuroimaging and
cognitive correlates. Brain Commun 2, fcaal66. [PubMed: 33381755]

[25]. Duperron MG, Knol MJ, Le Grand Q, Evans TE, Mishra A, Tsuchida A, Roshchupkin G,

Konuma T, Trégouét DA, Romero JR, Frenzel S, Luciano M, Hofer E, Bourgey M, Dueker ND,
Delgado P, Hilal S, Tankard RM, Dubost F, Shin J, Saba Y, Armstrong NJ, Bordes C, Bastin ME,
Beiser A, Brodaty H, Bllow R, Carrera C, Chen C, Cheng CY, Deary 1J, Gampawar PG, Himali
JJ, Jiang J, Kawaguchi T, Li S, Macalli M, Marquis P, Morris Z, Mufioz Maniega S, Miyamoto

S, Okawa M, Paradise M, Parva P, Rundek T, Sargurupremraj M, Schilling S, Setoh K, Soukarieh
O, Tabara Y, Teumer A, Thalamuthu A, Trollor JN, Valdés Hernandez MC, Vernooij MW, Vélker
U, Wittfeld K, Wong TY, Wright MJ, Zhang J, Zhao W, Zhu YC, Schmidt H, Sachdev PS, Wen
W, Yoshida K, Joutel A, Satizabal CL, Sacco RL, Bourque G; CHARGE consortium; Lathrop M,
Paus T, Fernandez-Cadenas I, Yang Q, Mazoyer B, Boutinaud P, Okada Y, Grabe HJ, Mather KA,
Schmidt R, Joliot M, Ikram MA, Matsuda F, Tzourio C, Wardlaw JM, Seshadri S, Adams HHH,
Debette S (2023) Genomics of perivascular space burden unravels early mechanisms of cerebral
small vessel disease. Nat Med 29, 950-962. [PubMed: 37069360]

[26]. Peters R (2006) Ageing and the brain. Postgrad Med J 82, 84-88. [PubMed: 16461469]

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Ekenze et al.

Participants with NfL. Measurements
and Brain MRI

N=1995

Final Sample

N=1457

Exclusions (N=538):

No PVS Ratings (N=483)
Missing MRI Information (N=4)
Dementia (N=1)

Stroke (N=19)

Other Neurological Conditions (N=31)

Fig. 1.
Sample Selection.
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