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Introduction

Abstract

Objective: We aimed to determine whether combining white matter hyperin-
tensity (WMH) with neurofilament light chain (NfL) could provide additional
information for cognition in older adults. Methods: Utilizing data from the
population-based Chicago Health and Aging Project, we studied 701 individuals
with both biomarkers and cognitive data during the follow-up period. NfL was
measured using an ultrasensitive immunoassay, single-molecule array technol-
ogy. MRI scans of the brain were acquired using 1.5-T systems. Global cogni-
tive function was created as a composite measure of four neuropsychological
tests, standardized and averaged to z-scores. Multivariable linear mixed-effects
models were used to evaluate the association of WMH and NfL with the rate of
cognitive decline. Results: Higher WMH and NfL were associated with a faster
rate of cognitive decline during the follow-up; f-coefficients (95%Cls) were
—0.011 (—0.02, —0.001) and —0.010 (—0.017, —0.003), respectively. In individu-
als with lower concentration of NfL (i.e., bottom tertile), a higher WMH vol-
ume was associated with a faster cognitive decline (#: —0.030; 95%CI —0.046,
—0.014). Similarly, in individuals with lower volumes of WMH (i.e., bottom
tertile), a higher concentrations of NfL was associated with a faster cognitive
decline (#: —0.023; 95%CI —0.042, —0.005). When we combined WMH with
NfL, we noted a graded association with increasing volumes of WMH, particu-
larly in people with lower NfL values. Interpretation: While both biomarkers,
WMH and NfL, were similarly associated with the annual rate of cognitive
decline, our study suggests that they provide different underlying mechanisms
affecting cognition.

For example, we have recently shown that neurofilament
light chain (NfL) assessed in the blood is associated with

Early identification of individuals at higher risk of Alzhei-
mer’s disease offers an opportunity for targeted interven-
tion,"* particularly when evidence supports early
intervention as a strategy that may halt or postpone dis-
ease occurrence.”® With advances in dementia research,
novel biomarkers have been developed and have con-
tributed to the early identification of older adults at risk
of Alzheimer’s disease.” These biomarkers range from
neuroimaging to the concentrations of proteins of neu-
rodegeneration in blood or cerebrospinal fluid samples.

cognitive decline in older adults and may predict the
development of Alzheimer’s disease.’ NfL is a protein
located in the cytoplasm of neurons and expressed in
myelinated axons. An increase in NfL in the blood may
result from neuron damage.” In addition to neuron dam-
age, neuroimaging biomarkers may also offer information
on the vascular disease of the brain, such as cerebral small
vessel disease. Cerebral small vessel disease is detected on
magnetic resonance imaging (MRI) as white matter
hyperintensities (WMHs). Research studies have
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consistently shown a dose-dependent relationship between
WMH, cognitive decline, and risk of Alzheimer’s dis-
ease.>® While both biomarkers (NfL and WMH) are
related to cognitive functioning and dementia risk, they
may present different pathways and mechanisms for
dementia. In addition, they differ in the assessment
method, which includes the procedures (blood draw ver-
sus undergoing MRI scanning), costs, and availability in
clinical settings. However, from the clinical research per-
spective, we are interested in knowing whether these
biomarkers complement each other or whether one bio-
marker is more advantageous than the other, regardless of
cost and availability.

Therefore, this study aims to prospectively investigate
the association of NfL and WMH with cognitive decline.
In addition, we will determine whether the combination
of both biomarkers could provide additional information
for cognition in older adults enrolled in a population-
based study.

Methods

Study design, settings, and population

The Chicago Health and Aging Project (CHAP) is a
population-based cohort study investigating the risk fac-
tors for cognitive impairment and Alzheimer’s disease
and related dementias.'"” CHAP recruited 10,802 partici-
pants in four biracial Chicago neighborhoods based on a
door-to-door census. Data collection occurred in 3-
year cycles between 1993 and 2012, consisting of four
successive cohorts with the enrollment of African Ameri-
cans and White residents living in the same geographical
area and who reached the age of 65 years during the
study.'® Of 10,802 participants, a stratified random
sample, approximately one-third of all participants
(n = 2932), was selected for clinical evaluations to diag-
nose Alzheimer’s disease. The Institutional Review Board
of the Rush University Medical Center approved the
CHAP study, and all participants provided written
informed consent.

Blood samples were drawn among 5696 participants
during the study duration from 1993 to 2012. Due to
cost and budget constraints, immunoassays for measur-
ing NfL were performed on 1323 participants with cog-
nitive data.° From 2000 to 2012, participants with
clinical evaluation for Alzheimer’s disease were invited
for an MRI scan.'' Of 2932 participants, 1235 were
invited for MRI assessment, and 975 provided informed
consent. Of 975 individuals, 923 had data on WMH and
cognitive scores. We also identified individuals in our
study with data on NfL, WMH, and cognition compris-
ing 701 individuals.
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Assessment of demographics and other
confounders

Age was computed from the self-reported birth date and
the date when blood was drawn. Race/ethnicity and sex
were assessed by participants’ responses to the structured
questions of the 1990 US Census.'” Years of regular
schooling were self-reported and used to assess education.
The APOE genotypes were determined based on the single
nucleotide polymorphisms (SNPs) of the rs7412 and
rs429358 measured by the Broad Institute Center for
Genotyping using the hME Sequenom MassARRAY plat-
form."

Assessment of WMH

WMH is assessed on a combination of FLAIR and 3D T1
MRI images using a modified Bayesian probability struc-
ture.'® Three imaging sequences using fluid-attenuated
inversion recovery, SPGR with an echo-time minimum,
double-spin echo with a repetition time of 2100 ms."
These MRI images are for research purposes. Likelihood
calculations of the original image are calculated through
histogram segmentation and thresholding.'® Probability
likelihood values of WMH at each voxel in the white
matter are thresholded at 3.5 SD above the mean to cre-
ate a binary white matter hyperintensity mask. The seg-
mented WMH masks are then back-transformed to native
space for tissue volume calculation.'® WMH volumes (cc)
were corrected for the total cranial volume to account for
the head size and then were log-transformed to normalize
variance.

Assessment of NfL

Unthawed blood samples were sent to Quanterix Corpo-
ration, where NfL was assayed in duplicates through the
single-molecular assay bead-based HD platform and the
Neurology 4Plex A kit. We evaluated the mean concentra-
tion of NfL for duplicate measurements in this analysis,
and the coefficient of variation among duplicates was
3.0%.°

Assessment of global cognitive function

During in-home interviews, in each CHAP cycle, four
neuropsychological tests of cognitive function were con-
ducted: immediate and delayed recall of a brief story'”'?;
the Symbol Digit Modalities Test,'” a measure of the per-
ceptual speed”’; and the Mini-Mental State Examina-
tion.”! We calculated z-scores for each test using baseline
means and SDs for the entire CHAP sample.”> A compos-

ite z-score was created by averaging all four tests. A
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positive z-score indicates better cognitive performance
than the population’s average, and a negative score means
poor cognitive function.

Statistical analysis

Characteristics of the study population are presented as
mean and standard deviation (SD) for continuous vari-
ables and number and percentage for categorical variables.
Multivariable linear mixed-effects regression analyses were
performed to evaluate the association of WMH and NfL
with cognitive decline during the study period. Models
were adjusted for age, sex, race, education, APOE4, and
interaction with time (i.e., lag). The interaction term with
time allows us to determine the annual rate of change.
We investigated both linear (continuous variable, logl0
transformed) and non-linear (tertiles) associations of
WMH and NfL with cognitive decline.

We conducted three consequential analyses to deter-
mine whether NfL and WMH are similarly associated
with the rate of cognitive decline in older adults, whether
one biomarker offers additional information about cogni-
tion, or whether the combination of both biomarkers
may better predict the rate of cognitive decline. First, we
investigated the association of NfL and WMH with cogni-
tive decline in the overall study sample. Second, we
focused on each category or tertile of one biomarker (e.g.,
NfL) and determined the relationship of the other bio-
marker (e.g., WMH) with cognitive decline separately on
each tertile (category). This analysis allows us to explore
the heterogeneity within each category/tertile of the bio-
marker. Third, we combined tertiles of NfL and WMH,
creating nine groups and evaluated the rate of decline by
comparing people with different levels of NfL and WMH
to individuals with low values (tertiles) of NfL and
WMH.

Analyses were conducted using the R program, version
4.1 (R Group for Statistical Computing, Vienna).

Results

Table 1 shows the characteristics of the study population
in participants with data on NfL serum concentration
(n = 1323), individuals who underwent an MRI scan and
assessesd WMH (n = 923), and subjects with overlapping
data on both variables NfL and WMH (n = 701). Focus-
ing on the sample of 701 participants with WMH and
NfL data, the mean age was 78.1 years (SD = 5.9), and
61% were women. On average, participants had 12.9
(SD = 3.5) years of schooling. The Spearman’s correlation
coefficient between WMH and NfL was r = 0.23.

The association of NfL and WMH, as continuous and
categorical variables, with cognitive decline during the
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Table 1. Demographic and clinical characteristics of the study popu-
lation.

WMH and NfL
sample WMH sample NfL sample
n 701 923 1323
Age, years 78.1 (5.9) 79.4 (6.2) 78.7 (6.3)
Sex, n (%)
Women 427 (60.9) 568 (61.5) 822 (62.1)
Men 274 (39.1) 355 (38.5) 501 (37.9)
Race, n (%)
Whites 261 (37.2) 365 (39.5) 515 (38.9)
African 440 (62.8) 558 (60.5) 808 (61.1)
Americans
Education, years  12.9 (3.5) 13.1 (3.5) 12.5(3.6)
APOE4 allele, n (%)
Non-carriers 468 (66.8) 621 (67.3) 874 (66.1)
Carriers 233 (33.2) 302 (32.7) 449 (33.9)
Global 0.3 (0.6) 0.3 [-0.1, 0.7] 0.2 [-0.3,
cognition, 0.7]
z-score
MMSE score 28.0 [26.0, 27.1 (3.3) 26.0 (4.7)
29.0]
WMH, volume 8.5 (3.2, 19.6] 7.7 [3.0, 19.0] -
Total cranial 1155.6 [1073.7, 1163.7 [1080.1, -
volume 1251.2] 1255.7]
NfL, pg/mL 23.8 [17.6, - 25.5 [18.5,
33.5] 37.3]

For continuous variables, data are shown as mean (standard deviation)
or median [inter-quartile range]; for categorical variables, data are
given as absolute numbers (proportions).

APOE, apolipoprotein E; NfL, neurofilament light; WMH, white matter
hyperintensities.

follow-up, is shown in Table 2. Higher concentrations of
NfL and WMH volumes were associated with a faster
decline in cognitive functioning. Among 1323 participants
with blood measures of NfL, a 1-SD increase in logl0
NfL is significantly associated with a faster cognitive
decline by 0.010 units/year (f: —0.010; 95%CI —0.017,
—0.003). Also, compared to the first tertile of NfL (refer-
ence group), individuals in the third tertile had a faster
cognitive decline by 0.026 units/year (f: —0.026; 95%CI
—0.042, —0.009). Among 923 individuals with measures
of WMH, a 1-SD increase in logl0 WMH was associated
with a faster cognitive decline by 0.011 units/year (f:
—0.011; 95%CI —0.02, —0.001). Compared to individuals
in the first tertile of WMH volumes, those in the third
tertile had a faster rate of decline by 0.030 units/year (f:
—0.030; 95%CI —0.053, —0.007).

Table 3A presents the association of WMH with cogni-
tive decline among individuals with different levels (e.g.,
tertiles) of NfL. Table 3B shows the association of NfL
with cognitive decline in participants with different levels
of WMH volumes. Across tertiles of NfL, WMH was
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Table 2. Association of NfL and WMH with cognitive decline during follow-up.

NfL WMH
N Median Beta 95%Cl N Median Beta 95%Cl
Continuous 1323 25.5 -0.010 —-0.017, —0.003 923 7.7 -0.011 —0.02, —0.001
Categorical
T 439 16.1 0.000 Reference 305 1.9 0.000 Reference
T2 434 25.4 —0.006 —0.021, 0.01 304 7.6 -0.014 —0.035, 0.008
T3 450 44.3 -0.026 —0.042, —0.009 314 25.0 -0.030 —0.053, —-0.007

Continuous indicate 1 standard deviation increase in log10 transformed NfL or WMH. Adjusted by age, sex, race, education, and APOE4. Beta

estimate and (95%¢Cl) is time interaction of NfL or WMH.

Table 3. Association of WMH and NfL with cognitive decline within tertiles of NfL and WMH.

Exposure N Tertiles of NfL Median NfL [IQR] Median WMH [IQR] Beta 95%¢Cl

A: Association of WMH with cognitive decline on each tertile of NfL
Continuous WMH 270 T1 16.5[13, 18.6] 5.41[2.2,14.2] -0.030 —0.046, —-0.014
Continuous WMH 223 T2 24.9[22.6, 27.1] 8.4 (3.9, 21.7] -0.002 —-0.024, 0.02
Continuous WMH 208 T3 41.8 [36, 53.9] 12.2 [5.2, 24] 0.009 -0.015, 0.033

Exposure N Tertiles of WMH Median WMH [IQR] Median NfL [IQR] Beta 95%Cl

B: Association of NfL with cognitive decline on each tertile of WMH
Continuous NfL 220 1 21, 3] 20[15.4, 27.3] -0.023 —0.042, —0.005
Continuous NfL 230 T2 7.9 (5.7, 10.6] 23.9[17.9, 33] -0.012 —0.026, 0.001
Continuous NfL 251 T3 25.2 [18.9, 40.6] 25.9 [20, 38.1] 0.004 -0.014, 0.023

Continuous indicate 1 standard deviation increase in log10 transformed WMH or NfL. Adjusted by age, sex, race, education, and APOE4. Beta

estimate and (95%¢Cl) is time interaction of WMH or NfL.

associated with cognition only in the first tertile of NfL
[median (IQR) 16.5 (13, 18.6)]. For a 1-SD increase in
logl0 WMH, the rate of cognitive decline was 0.030 units
per year (f: —0.030; 95%CI —0.046, —0.014). No associa-
tion between WMH and cognition was observed in peo-
ple with higher levels (second and third tertile) of NfL
(Table 3A). Across tertiles of WMH, NfL was associated
with cognition only in the first tertile of WMH [median

(IQR) 2.0 (1.0, 3.0)]. For a 1-SD increase in logl0 NfL,
the rate of cognitive decline was 0.023 units per year (f:
—0.023; 95%CI —0.042, —0.005). No association between
NfL and cognition was noted in people with higher levels
(second and third tertile) of WMH (Table 3B).

Figure 1 shows the associations of the combined tertiles
of NfL and WMH with cognitive decline. Overall, we
noted a graded association with increasing levels of

Tertiles Tertiles n (%) Median Median Beta (95%Cl)
of WMH of NfL NfL, WMH,

pg/mL cc
T T 113 (16.1) 15.6 1.8 | reference
T2 T1 89 (12.7) 16.5 75 —a— -0.014 (-0.041, 0.014)
T3 T 68 (9.7) 17.1 23.9 ] -0.042 (-0.072, -0.012)
T1 T2 64 (9.1) 24.4 2.3 b——®&—  -0.005 (-0.039, 0.028)
T2 T2 71 (10.1) 254 7.6 A -0.017 (-0.047, 0.013)
T3 T2 88 (12.6) 25.1 26.1 A -0.025 (-0.054, 0.005)
T T3 43 (6.1) 40.0 2.0 L I -0.04 (-0.081, 0.001)
T2 T3 70 (10) 414 8.7 I = {: -0.041 (-0.075, -0.006)
T3 T3 95 (13.6) 42.9 25.2 P -0.027 (-0.059, 0.004)

Figure 1. Association of the combined levels (tertiles) of WMH and NfL with cognitive decline. Adjusted by age, sex, race, education, and
APOE4. Beta estimate and (95%Cl) is time interaction of the joint WMH and NfL with time.
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WMH, particularly in people with lower NfL values.
Specifically, compared with people in the first tertile of
NfL and WMH (reference group), those in the third ter-
tile of WMH and first tertile of NfL had a faster rate of
cognitive decline by 0.042 units per year (f: —0.042;
95%CI —0.072, —0.012). At a higher risk of a rapid cogni-
tive decline were people in the third tertile of NfL and
second tertile of WMH when they were compared to peo-
ple in the first tertile of NfL and WMH (f: —0.041; 95%
CI —0.075, —0.006).

We did not find a significant interaction of biomarkers
with age, sex, and race in relation to cognitive decline.

Discussion

We prospectively investigated the association of WMH
and NfL with cognitive decline to determine whether
combining WMH with NfL could provide additional
information for cognition in older adults. We found that
NfL and WMH were similarly associated with cognitive
decline in older people. In addition, our study suggested
that in people with lower values (i.e., first tertile) of NfL,
WMH may identify individuals with a faster rate of cog-
nitive decline; similar findings for people with lower
WMH, where NfL was associated with the rate of cogni-
tive decline. When both biomarkers were combined, we
noted a graded association between increasing levels of
WMH and the rate of cognitive decline, particularly in
people with lower levels of NfL.

Current research methods focus on identifying
biomarkers as a tool that may help determine the neu-
rodegenerative disease. In fact, in recent years, biomark-
ers have gained an increasing significance in the clinical
diagnosis of dementia, although, despite the advances,
yet not part of the diagnosis.”> One of the most stud-
ied biomarkers of cerebrovascular disease is the WMH
volumes. A growing body of research suggests that
WMH is associated with cognitive decline and the risk
of Alzheimer’s disease.>”** A recent meta-analysis of 36
prospective studies, including 19,040 individuals with an
average age of 70 years and 53% women, reported that
WMH accounted for a 25% high risk of Alzheimer’s
disease and 73% risk of vascular dementia.** Our find-
ings align with the literature that higher volumes of
WMHs are associated with a faster cognitive decline. In
comparison to WMH, NfL is more directly related to
neurodegenerative diseases since it is located in the
cytoplasm of neurons and increased in the blood due
to neuron damage. An advantage of NfL is that it
could be measured with minimally invasive procedures
(e.g., blood draw) readily available and cost-effective.””
Our findings on NfL and cognitive decline align with
several investigations concluding that serum NfL is

White Matter, Neurofilament Light, and Cognition

associated with a faster rate of cognitive decline in
older adults.”> %’

Since most, if not all, of the studies focused on evaluat-
ing individual associations of WMH and NfL with cogni-
tive outcomes, including Alzheimer’s disease, in our
investigation, we aimed to understand whether these
biomarkers complement each other in determining the
rate of cognitive decline in older adults. Our study
addresses two questions: first, if one biomarker is avail-
able, does it require the measure of the second biomarker
for better assessment of cognitive decline; second, if both
biomarkers are available, do they complement each other.
We found a similar association of WMH and NfL with
the rate of cognitive decline, suggesting similar predictive
abilities of biomarkers in relation to cognition. However,
we shall acknowledge that their mechanistic pathways dif-
fer; while WMH is related to vascular diseases,”® NfL is a
biomarker of neurodegeneration.29 In addition, we found
that within the lower levels of one biomarker (e.g., NfL),
the other biomarker (e.g., WMH) may identify people at
risk of cognitive impairment since we found a significant
association between increasing the levels of biomarker
(e.g., WMH volumes) with the rate of cognitive decline.
When we combined both biomarkers creating nine cate-
gories based on tertiles of WMH and NfL, we found a
graded association between increasing levels of WMH and
the rate of cognitive decline, suggesting that WMH could
be slightly more advantageous than NfL in predicting the
rate of cognitive decline in our study population. How-
ever, this is the first study that compares NfL with
WMH, and therefore, further studies are required to con-
firm or reject our results.

WMH is clinically interpreted as a surrogate of cerebral
small vessel disease. It is attributed to numerous patho-
physiological mechanisms, including reduced blood flow
(i.e., hypoperfusion), blood-brain barrier dysfunction,
and loss of blood vessel volume and integrity.”® Neurofil-
ament is an axonal cytoskeletal protein found only in
neurons, and it is increased in cerebrospinal fluid and
serum due to axon damage.”’ While WMH is related to
vascular diseases,”® NfL is more specific to neurodegener-
ation.”” In our study, we found that both biomarkers,
WMH and NfL, were associated with the rate of cognitive
decline; however, we noted a stronger association of
WMH with cognition in individuals with lower levels of
NfL (i.e., lower tertile). Whether WMH initiates or has
an additive contribution to neurodegeneration is a subject
of scientific discussion.”®?* A recent analysis has shown
that WMH (i.e., vascular pathologies) has an additive role
with Alzheimer’s disease-related pathologies in increasing
the risk of Alzheimer’s.”®> Therefore, we may hypothe-
size that at low levels of NfL, WMH may have a more
substantial effect on cognition, but as the NfL levels
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increase, there is likely to be a contribution of Alzhei-
mer’s disease pathologies that overcomes the more subtle
vascular disease effects.

The major strength of our study is its prospective lon-
gitudinal design in a population setting. The assessment
of cognition after determining levels of biomarkers
enabled us to evaluate the rate of decline during the
follow-up. Although we did not note race differences in
the relationship between biomarkers and cognitive
decline, our study is bi-racial (63% African Americans),
and our findings were independent of race. In our study,
the cognitive assessment was performed on a 3-year cycle
enabling us to identify minor differences in cognitive
changes. The limitation of the study may include the
selection of individuals who underwent the MRI assess-
ment. While we invited everyone with clinical evaluation
to be enrolled, participants shall not have medical con-
traindications (e.g., no heart pacemaker) at the time of
the study. Therefore, our results may not apply to all
individuals. In addition, specific biomarkers of Alzhei-
mer’s disease, such as amyloid PET imaging or CSF
biomarkers (e.g., Ab42 and Ab40, t-tau, NfL), were not
available in our study, which limits the validation of our
results.

In conclusion, both biomarkers, WMH and NfL were
similarly associated with the annual rate of cognitive
decline in a biracial cohort of adults aged 65 years and
older. However, we found that in people with lower levels
of NfL, an increase in WMH volumes was associated with
a faster rate of cognitive decline in a graded fashion, sug-
gesting that WMH and NfL have different underlying
mechanisms affecting cognition.

Author Contributions

Conception and design of the study (AD, CD, KD, PJ,
RSW, DAE, and KBR). Acquisition and analysis of data
(AD, CD, and KBR). Drafting a significant portion of the
manuscript or figures (AD, CD, KD, PJ, RSW, DAE, and
KBR).

Acknowledgments

The authors thank all participants of the CHAP study and the
research assistants, psychologists, and physicians for their
efforts in the conduct of the fieldwork. This study was sup-
ported by the National Institutes of Aging of the National
Institute of Health under Award Number: RO1AG051635,
RF1AG057532, R01AG073627, R0O1AG058675, U19NS120384,
P30AG072972, and T32AG050061. The content is solely the
responsibility of the authors and does not necessarily represent
the official views of the National Institute of Health.

A. Dhana et al.

Conflict of Interest

None declared.

Data Availability Statement

Deidentified data may be available on request for
qualified investigators from https://www.riha.rush.edu/
dataportal.html.

References

1. Vermunt L, Sikkes SAM, van den Hout A, et al. Duration
of preclinical, prodromal, and dementia stages of
Alzheimer’s disease in relation to age, sex, and APOE
genotype. Alzheimers Dement. 2019;15(7):888-898. doi:10.
1016/j.jalz.2019.04.001

2. Jack CR, Bennett DA, Blennow K, et al. NIA-AA research
framework: toward a biological definition of Alzheimer’s
disease. Alzheimers Dement. 2018;14(4):535-562. doi:10.
1016/7.jal.2018.02.018

3. Ngandu T, Lehtisalo J, Solomon A, et al. A 2 year
multidomain intervention of diet, exercise, cognitive
training, and vascular risk monitoring versus control to
prevent cognitive decline in at-risk elderly people
(FINGER): a randomised controlled trial. Lancet. 2015;385
(9984):2255-2263. doi:10.1016/S0140-6736(15)60461-5

4. Dhana K, Franco OH, Ritz EM, et al. Healthy lifestyle and
life expectancy with and without Alzheimer’s dementia:
population based cohort study. BMJ. 2022;377:e068390.
doi:10.1136/bmj-2021-068390

5. Mantzavinos V, Alexiou A. Biomarkers for Alzheimer’s
disease diagnosis. Curr Alzheimer Res. 2017;14(11):1149-
1154. doi:10.2174/1567205014666170203125942

6. Rajan KB, Aggarwal NT, McAninch EA, et al. Remote
blood biomarkers of longitudinal cognitive outcomes in a
population study. Ann Neurol. 2020;88(6):1065-1076.

7. Gaetani L, Blennow K, Calabresi P, Filippo MD, Parnetti
L, Zetterberg H. Neurofilament light chain as a biomarker
in neurological disorders. ] Neurol Neurosurg Psychiatry.
2019;90(8):870-881. doi:10.1136/jnnp-2018-320106

8. Prins ND, Scheltens P. White matter hyperintensities,
cognitive impairment and dementia: an update. Nat Rev
Neurol. 2015;11(3):157-165. doi:10.1038/nrneurol.2015.10

9. Lee S, Vigar F, Zimmerman ME, et al. White matter
hyperintensities are a core feature of Alzheimer’s disease:
evidence from the dominantly inherited Alzheimer network.
Ann Neurol. 2016;79(6):929-939. doi:10.1002/ana.24647

10. Bienias JL, Beckett LA, Bennett DA, Wilson RS, Evans DA.
Design of the Chicago Health and Aging Project (CHAP).
J Alzheimers Dis. 2003;5(5):349-355. doi:10.3233/jad-2003-
5501

11. Rajan KB, Wilson RS, Weuve J, Barnes LL, Evans DA.
Cognitive impairment 18 years before clinical diagnosis of

326 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.


https://www.riha.rush.edu/dataportal.html
https://www.riha.rush.edu/dataportal.html
https://doi.org/10.1016/j.jalz.2019.04.001
https://doi.org/10.1016/j.jalz.2019.04.001
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/S0140-6736(15)60461-5
https://doi.org/10.1136/bmj-2021-068390
https://doi.org/10.2174/1567205014666170203125942
https://doi.org/10.1136/jnnp-2018-320106
https://doi.org/10.1038/nrneurol.2015.10
https://doi.org/10.1002/ana.24647
https://doi.org/10.3233/jad-2003-5501
https://doi.org/10.3233/jad-2003-5501

A. Dhana et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Alzheimer disease dementia. Neurology. 2015;85(10):898-
904. doi:10.1212/WNL.0000000000001774

United States Bureau of the Census. 1990 Census of
Population: General Population Characteristics. US
Department of Commerce, Economics; Statistics
Administration, Bureau; 1992.

Wenham PR, Price WH, Blandell G. Apolipoprotein e
genotyping by one-stage PCR. Lancet. 1991;337
(8750):1158-1159. doi:10.1016/0140-6736(91)92823-k
McGrath ER, Himali JJ, Levy D, et al. Circulating IGFBP-
2: a novel biomarker for incident dementia. Ann Clin
Transl Neurol. 2019;6(9):1659-1670. doi:10.1002/acn3.
50854

Aggarwal NT, Wilson RS, Bienias JL, et al. The association
of magnetic resonance imaging measures with cognitive
function in a biracial population sample. Arch Neurol.
2010;67(4):475-482. doi:10.1001/archneurol.2010.42
DeCarli C, Maillard P, Fletcher E. Four Tissue
Segmentation in ADNI II. Department of Neurology and
Center for Neuroscience, University of California; 2013.
Albert M, Smith LA, Scherr PA, Taylor JO, Evans DA,
Funkenstein HH. Use of brief cognitive tests to identify
individuals in the community with clinically diagnosed
Alzheimer’s disease. Int ] Neurosci. 1991;57(3-4):167-178.
doi:10.3109/00207459109150691

Wilson RS, Beckett LA, Barnes LL, et al. Individual
differences in rates of change in cognitive abilities of older
persons. Psychol Aging. 2002;17(2):179-193. https://www.
ncbi.nlm.nih.gov/pubmed/12061405

Smith A. Symbol Digit Modalities Test. Western
Psychological Services; 1973.

Barnes LL, de Leon CFM, Wilson RS, Bienias JL, Evans
DA. Social resources and cognitive decline in a population
of older African Americans and whites. Neurology.
2004;63(12):2322-2326. doi:10.1212/01.wnl.0000147473.
04043.b3

Folstein MF, Folstein SE, McHugh PR. “Mini-mental
state”. A practical method for grading the cognitive state
of patients for the clinician. J Psychiatr Res. 1975;12
(3):189-198. d0i:10.1016/0022-3956(75)90026-6

Wilson RS, Bennett DA, Beckett LA, et al. Cognitive
activity in older persons from a geographically defined
population. J Gerontol B Psychol Sci Soc Sci. 1999;54(3):
P155-P160. doi:10.1093/geronb/54b.3.p155

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

White Matter, Neurofilament Light, and Cognition

McKhann GM, Knopman DS, Chertkow H, et al. The
diagnosis of dementia due to Alzheimer’s disease:
recommendations from the national institute on aging-
Alzheimer’s association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement.
2011;7(3):263-269. doi:10.1016/j.jalz.2011.03.005

Hu HY, Ou YN, Shen XN, et al. White matter
hyperintensities and risks of cognitive impairment and
dementia: a systematic review and meta-analysis of 36
prospective studies. Neurosci Biobehav Rev. 2021;120:16-
27. doi:10.1016/j.neubiorev.2020.11.007

Mattsson N, Cullen NC, Andreasson U, Zetterberg H,
Blennow K. Association between longitudinal plasma
neurofilament light and neurodegeneration in patients
with Alzheimer disease. JAMA Neurol. 2019;76(7):791-799.
doi:10.1001/jamaneurol.2019.0765

Olsson B, Lautner R, Andreasson U, et al. CSF and blood
biomarkers for the diagnosis of Alzheimer’s disease: a
systematic review and meta-analysis. Lancet Neurol.
2016;15(7):673-684. doi:10.1016/S1474-4422(16)00070-3
Cullen NC, Leuzy A, Janelidze S, et al. Plasma biomarkers of
Alzheimer’s disease improve prediction of cognitive decline
in cognitively unimpaired elderly populations. Nat
Commun. 2021;12(1):3555. doi:10.1038/s41467-021-23746-0
Alber J, Alladi S, Bae HJ, et al. White matter
hyperintensities in vascular contributions to cognitive
impairment and dementia (VCID): knowledge gaps and
opportunities. Alzheimers Dement (N Y). 2019;5:107-117.
doi:10.1016/j.trci.2019.02.001

Teunissen CE, Khalil M. Neurofilaments as biomarkers in
multiple sclerosis. Mult Scler. 2012;18(5):552-556. doi:10.
1177/1352458512443092

Debette S, Markus HS. The clinical importance of white
matter hyperintensities on brain magnetic resonance
imaging: systematic review and meta-analysis. BMJ.
2010;341:c3666. doi:10.1136/bmj.c3666

Lewczuk P, Ermann N, Andreasson U, et al. Plasma
neurofilament light as a potential biomarker of
neurodegeneration in Alzheimer’s disease. Alzheimers Res
Ther. 2018;10(1):71. doi:10.1186/s13195-018-0404-9
Vemuri P, Knopman DS. The role of cerebrovascular
disease when there is concomitant Alzheimer disease.
Biochim Biophys Acta. 2016;1862(5):952-956. doi:10.1016/
j.bbadis.2015.09.013

327


https://doi.org/10.1212/WNL.0000000000001774
https://doi.org/10.1016/0140-6736(91)92823-k
https://doi.org/10.1002/acn3.50854
https://doi.org/10.1002/acn3.50854
https://doi.org/10.1001/archneurol.2010.42
https://doi.org/10.3109/00207459109150691
https://www.ncbi.nlm.nih.gov/pubmed/12061405
https://www.ncbi.nlm.nih.gov/pubmed/12061405
https://doi.org/10.1212/01.wnl.0000147473.04043.b3
https://doi.org/10.1212/01.wnl.0000147473.04043.b3
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1093/geronb/54b.3.p155
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.neubiorev.2020.11.007
https://doi.org/10.1001/jamaneurol.2019.0765
https://doi.org/10.1016/S1474-4422(16)00070-3
https://doi.org/10.1038/s41467-021-23746-0
https://doi.org/10.1016/j.trci.2019.02.001
https://doi.org/10.1177/1352458512443092
https://doi.org/10.1177/1352458512443092
https://doi.org/10.1136/bmj.c3666
https://doi.org/10.1186/s13195-018-0404-9
https://doi.org/10.1016/j.bbadis.2015.09.013
https://doi.org/10.1016/j.bbadis.2015.09.013

	 Abstract
	 Intro�duc�tion
	 Meth�ods
	 Study design, set�tings, and pop�u�la�tion
	 Assess�ment of demo�graph�ics and other con�founders
	 Assess�ment of WMH
	 Assess�ment of NfL
	 Assess�ment of global cog�ni�tive func�tion
	 Sta�tis�ti�cal anal�y�sis

	 Results
	acn351720-fig-0001

	 Dis�cus�sion
	 Author Con�tri�bu�tions
	 Acknowl�edg�ments
	 Con�flict of Inter�est
	 Data Avail�abil�ity State�ment

	 Ref�er�ences
	acn351720-bib-0001
	acn351720-bib-0002
	acn351720-bib-0003
	acn351720-bib-0004
	acn351720-bib-0005
	acn351720-bib-0006
	acn351720-bib-0007
	acn351720-bib-0008
	acn351720-bib-0009
	acn351720-bib-0010
	acn351720-bib-0011
	acn351720-bib-0012
	acn351720-bib-0013
	acn351720-bib-0014
	acn351720-bib-0015
	acn351720-bib-0016
	acn351720-bib-0017
	acn351720-bib-0018
	acn351720-bib-0019
	acn351720-bib-0020
	acn351720-bib-0021
	acn351720-bib-0022
	acn351720-bib-0023
	acn351720-bib-0024
	acn351720-bib-0025
	acn351720-bib-0026
	acn351720-bib-0027
	acn351720-bib-0028
	acn351720-bib-0029
	acn351720-bib-0030
	acn351720-bib-0031
	acn351720-bib-0032




