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Abstract
Objective
To investigate whether baseline concentrations of plasma total tau (t-tau) and neurofilament
light (NfL) chain proteins are associated with annual percent change (APC) of the basal
forebrain cholinergic system (BFCS) in cognitively intact older adults at risk for Alzheimer
disease (AD).

Methods
This was a large-scale study of 276 cognitively intact older adults from the monocentric
INSIGHT-preAD (Investigation of Alzheimer’s Predictors in Subjective Memory Com-
plainers) cohort. Participants underwent baseline assessment of plasma t-tau and NfL con-
centrations as well as baseline and 24-month follow-up MRI scans. Linear models with and
without influential observations (calculated using the Cook distance) were carried out to
investigate the effect of plasma NfL and t-tau concentrations, and their interaction effect with
β-amyloid status and APOE genotype, on the APC of the whole BFCS and its anterior (Ch1/2)
and posterior (Ch4) subdivisions separately.

Results
Higher plasma t-tau concentrations at baseline were associated with higher BFCS rate of
atrophy (model without influencers: n = 251, F value = 4.6815; p value = 0.031). Subregional
analyses showed similar results for both the APC of the Ch1/2 (model without influencers: n =
256, F value = 3.9535, p corrected = 0.047) and Ch4 BFCS sectors (model without influencers:
n = 253, F value = 4.9090, p corrected = 0.047). Baseline NfL, β-amyloid load, and APOE «4
carrier status did not affect APC of the BFCS.

Conclusion
Increased concentrations of baseline plasma t-tau may predict in vivo structural BFCS atrophy
progression in older adults at risk for AD, independently of β-amyloid status and APOE
genotype.
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Human neuropathologic studies showed that tau-induced
neuronal damage and cell loss in the nucleus basalis of
Meynert (NBM) is one of the earliest pathophysiologic
events in Alzheimer disease (AD).1–3 Further findings in-
dicate that the cholinergic lesions occurring in the NBM in
patients with AD are closely related to tauopathy and not to
β-amyloid (Aβ) pathophysiology.4–7 Moreover, it is well-
established that cognitive decline is associated with tau-
mediated lesions of basal forebrain cholinergic system
(BFCS) neurons even before the deposition of neurofibrillary
tangles (the so-called pretangle stages).8

MRI-based measurement of BFCS atrophy represents a can-
didate in vivo surrogate marker of AD-related neuro-
degeneration in both clinical and preclinical populations.9–11

Blood-based biomarkers of neuronal injury, including plasma
total tau (t-tau) and plasma axonal neurofilament light (NfL)
chain protein, are candidate surrogate biomarkers of neuro-
degeneration.12 Significant correlations between high baseline
concentrations of plasma t-tau and future cognitive decline,13 as
well as increased brain atrophy rates and brain glucose hypo-
metabolism,14 were found in cognitively normal older adults
and patients with AD dementia. Furthermore, in individuals
with mild cognitive impairment (MCI), plasma NfL concen-
trations were found to be highest in patients with a positive
amyloid PET scan, and predicted faster cognitive deterioration,
faster brain atrophy rate, and glucose hypometabolism.15

Based on evidence of BFCS involvement in early AD pa-
thology,16 we investigated the question whether plasma t-tau
and NfL concentrations affect rates of BFCS atrophy as sur-
rogate markers of cholinergic basal forebrain degeneration in
cognitively intact older adults with subjective memory com-
plaints, a condition with increased risk for AD.

Methods
Participants
Participants were recruited in the Investigation of Alzheimer’s
Predictors in Subjective Memory Complainers (INSIGHT-
preAD) study, part of the Alzheimer Precision Medicine
Initiative Cohort Program.17,18 Participants were enrolled at
the Institute of Memory and Alzheimer’s Disease (Institut de
laMémoire et de laMaladie d’Alzheimer [IM2A]) at the Pitié-
Salpêtrière University Hospital in Paris, France. The main
purpose of the INSIGHT-preAD study is to investigate the
earliest preclinical stages of AD through intermediate to later

stages until conversion to first cognitive symptoms, using
clinical measures and biomarkers associated with cognitive
progression. Previous publications describe the cohort and its
clinical and neuropsychological features.19,20

Briefly, the INSIGHT-preAD study includes, at baseline, 318
cognitively normal white individuals from the Paris area, be-
tween 70 and 85 years of age, with subjective memory com-
plaints and defined brain amyloid status, measured by
Aβ-PET, performed at baseline visit as mandatory inclusion
criterion. Demographic data, clinical data, and APOE geno-
type have been collected at the point of the study inclusion.19

Exclusion criteria were history of neurologic or psychiatric
diseases, including depressive disorders.

We selected all the individuals who underwent baseline and
24-month follow-up MRI assessment (n = 276). Within this
subsample, 4 participants converted to AD dementia di-
agnosis after 24 months and 1 participant after 36 months,
one to primary progressive aphasia after 36 months and 1 to
Lewy body dementia after 48 months.

Standard protocol approvals, registrations,
and patient consents
The study was conducted in accordance with the tenets of the
Declaration of Helsinki of 1975 and approved by the local
institutional review board at the participating center. All
participants or their representatives gave written informed
consent for use of their clinical data for research purposes.

Blood sampling and collection tube storage
Blood samples were taken in the morning, after a 12-hour fast,
handled in a standardized way, and centrifuged for 15 minutes
at 2,000 g force at 4°C. Per sample, plasma fraction was col-
lected, homogenized, aliquoted into multiple 0.5 mL cryovial-
sterilized tubes, and finally stored at −80°C within 2 hours
from collection.

Immunoassays for t-tau and NfL
plasma biomarkers
The Clinical Neurochemistry Laboratory, Sahlgrenska Uni-
versity Hospital, Sweden, performed the analyses of plasma
t-tau and NfL concentrations. The measurements of each
biomarker were performed in one round of experiments, us-
ing the same batch of reagents, by board-certified laboratory
technicians who were blinded to the clinical data.

Plasma t-tau was measured using the Human Total Tau 2.0 kit
on the Simoa platform (Quanterix, Lexington, MA). For

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; APC = annualized percentage change; BFCS = basal forebrain cholinergic system;
INSIGHT-preAD = Investigation of Alzheimer’s Predictors in Subjective Memory Complainers; MCI = mild cognitive
impairment; NBM = nucleus basalis of Meynert; NfL = neurofilament light; QC = quality control; SUVR = standard uptake
value ratio; t-tau = total tau; TBI = traumatic brain injury; TIV = total intracranial volume; WM = white matter.
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plasma t-tau, both repeatability and intermediate precision was
12.2% for an internal quality control (QC) plasma sample with
a concentration of 1.9 pg/mL.21 Plasma NfL was measured
using an in-house Simoa method, as previously described in
detail.22 Repeatability was 9.6% and 10.6% and intermediate
precision 14.6% and 11.6%, for 2 internal QC plasma samples
with concentrations of 12.9 and 107 pg/mL.21

MRI acquisition
Brain MRI acquisitions were conducted using a 3T MRI
scanner (Siemens Magnetom Verio, Siemens Medical Sol-
utions, Erlangen, Germany). The scanner had a quadrature
detection head coil with 12 channels. High-resolution T1-
weighted structural MRI scans for the measurement of BFCS
volume were acquired using a 3DTurboFLASH sequence with
the following measures: orientation sagittal; repetition time
2,300 ms; echo time 2.98 ms; inversion time 900 ms; flip angle
9°; 176 slices; slice thickness 1mm; acquisitionmatrix 256*240.

MRI processing
Processing steps and computational analyses followed the
longitudinal processing stream implemented in statistical
parametric mapping (SPM12; Wellcome Trust Center for
Neuroimaging, London, UK) and CAT12 (dbm.neuro.uni-
jena.de/cat/), adapted to the analysis of serial MRI scans used
for the BFCS volume.23,24

BFCS mask was obtained on combined postmortem MRI and
histology of an autopsy brain and has been described in detail
elsewhere.11 Mesulam nomenclature was the reference for the
histologic delineation of the BFCS and its subregions.25,26 The
BFCS is separated into 4 principal groups of cholinergic cells:
Ch1 and Ch2 (cholinergic cells associated with the medial
septal nucleus and the vertical limb of the diagonal band of
Broca [Ch1/2]), Ch3 (horizontal limb of the diagonal band of
Broca), and Ch4 (cholinergic cells of the nucleus basalis of
Meynert)26 (figure 1). The nucleus basalis of Meynert is the
largest cholinergic nucleus of the BFCS and can be considered
as the sum of its subdivisions: anterior to intermediate, anterior
lateral/nucleus subputaminalis, and posterior subregions.

Volumes of the total BFCS and its subnuclei were corrected to
the total intracranial volume (TIV) using the residuals method.
First, a linear regression of the volume of a neuroanatomical
structure on the TIV was fitted on the entire dataset. From the
fitted model, the residuals, which reflect the differences be-
tween actual volume and fitted volume based on a participant’s
TIV, were calculated.27 TheTIV-correctedmeasurements were
expressed as follows: Vol_adji = Voli − b(TIVi − meanTIV).
Vol_adji is the TIV-adjusted volume of participant i, Vol is the
original uncorrected volume of participant i, b is the slope from
the linear regression of Vol on TIV, TIV is the TIV for par-
ticipant I, and meanTIV is the mean TIV across all participants.

Amyloid PET scan acquisitions and processing
Florbetapir-PET scans were acquired in a single session on
a Philips (Best, the Netherlands) Gemini GXL CT-PET

scanner 50 (±5) minutes after injection of approximately 370
MBq (333–407 MBq) of florbetapir. PET images were ana-
lyzed with the RACHEL pipeline developed by the CATI (cati-
neuroimaging.com). Details on the amyloid PET processing,
standard uptake value ratio (SUVR) calculation, and definition
of SUVR thresholds have been described previously.20,28 A
combination of the whole cerebellum and pons was used as
a reference region. As threshold for amyloid positivity, we used
SUVR values equal to or higher than 0.79.28

APOE genotype
The 5Prime ArchivePure DNA purification system was used to
extract the DNA from frozen blood samples of participants.
The Sanger method was used for the detection of APOE
genotyping. Exon 4 from the APOE gene holding the single
nucleotide polymorphism related to the e3/e4 alleles was
amplified using PCR with the following primers: APOE sense,
59-TAAGCTTGGCACGGCTGTCCAAGGA-3’; APOE anti-
sense, 59-ACAGAATTCGCCCCGGCCTGGTACAC-3’. For
each sample, the reaction mixture (50 μL) contained 200 ng of
genomic DNA, 10 μL PCR Flexi buffer (5×), 3 μL MgCl2
(25 mM), 1 μL dNTPs (10 mM), 1 μL of each forward and
reverse primer (10 μM), and 0.25 μL GO Taq DNA poly-
merase (Promega, Madison, WI). The cycling program was
carried out after a preheating step at 95°C for 2 minutes and 35
cycles of denaturation at 95°C for 1 minute, annealing at 68°C
for 1minute, and extension at 72°C for 1minute. The amplified
fragments were then purified and sequenced using the same
primers. Participants were divided into 3 groups based on the
APOE status: individuals carrying at least 1 APOE e4 allele
(genotype e4/e4 and e4/e3) were classified as APOE e4 car-
riers (APOE e4+); individuals carrying an APOE e2 allele
(genotype e2/e2 and e2/e3) were classified as APOE e2 car-
riers (APOE e2+); and the others as APOE e3/e3 genotype.

Statistical analysis
Annualized percentage change (APC) of the adjusted volume
of the BFCS and its subnuclei was computed as follows:

APC =
change from baseline
value at baseline

×
365

MRI delay
× 100

Multiple linear models including age, sex, education, amyloid
status, and APOE status as covariates as well as t-tau con-
centration, NfL, and the interactions between NfL and t-tau
were performed to investigate their effect on the APC of the
BFCS and its subnuclei. Benjamini-Hochberg correction was
performed to handle the multiple testing in the analysis of the
BFCS subnuclei. Type II F-tests were used to test main effects
and interactions. Cohen f2 was calculated to assess effect sizes.

Normality of residuals and homoscedasticity were checked
visually. Cook distances were calculated to identify the par-
ticipants who change most the fit of the model (i.e., influential
data or influencers).29 The Cook distance of 1 participant is
defined as the sum of the other participants’ differences
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between their fitted value from the model with the participant
and the fitted value from the model without this participant.29

The effect of influencers in the model was examined by re-
moving from the model any points with large Cook distances
(>4/n, where n is the number of observations).30 Statistical
analyses were performed using R 3.3.2.

Data availability
Anonymized data not published within this article will be
made available by request from any qualified investigator after
evaluation of the request by the INSIGHT-preAD Scientific
Committee.

Results
Table 1 describes sociodemographic features, global cognitive
performances, the frequencies ofAPOE eP allele, as well as the
concentration of blood-based biomarkers and BFCS volume
at baseline in the INSIGHT-preAD participants. Seventy-
three percent of individuals in our cohort were amyloid-
negative while 23% were amyloid-positive at baseline.

Baseline plasma t-tau and NfL levels as
predictors of atrophy rates of the BFCS and
its subnuclei
Higher plasma t-tau concentrations were associated with in-
creased rate of atrophy of the BFCS (p = 0.025, table 2). NfL
did not predict BFCS-APC (p = 0.753, table 2). This finding
was checked for robustness by removing from the model the
influencer individuals (n = 19) with Cook distances greater
than 0.014 (figure 2B). As for the model including influencers,
in the model without influencers only t-tau predicted an in-
creased rate of BFCS atrophy (p = 0.031, table 2 and figure 2A).

Considering the subnuclei of the BFCS, the model with
influencers showed a significant effect of t-tau in predicting the
rate of atrophy of the anterior (Ch1/2) (p = 0.026; p corrected
= 0.026, table 3) and posterior (Ch4) sectors of the BFCS (p =
0.021; p corrected = 0.026, table 3). This finding was checked
for robustness by removing from the model the influencer
individuals with Cook distances greater than 0.014 (figures 3B
and 4B). The model without influencers reported a similar
effect of t-tau in predicting higher rates of atrophy in the Ch1/2
and Ch4 sectors of the BFCS (table 3 and figures 3A and 4A).

The interaction between plasma t-tau and NfL concentrations
was not associated with atrophy rates of the whole BFCS or its
subsectors (Ch1/2 and Ch4). Neither APOE genotype nor
amyloid status had a significant effect on predicting atrophy
rates of the BFCS or its Ch1/2 and Ch4 sectors, either in the
model with or without influencers (tables 2 and 3). In con-
trast, sex displayed a significant effect in predicting the rate of
atrophy of the nucleus basalis of Meynert (Ch4) in the model
without influencers (p value = 0.007; corrected p = 0.014,
table 3).

Discussion
We assessed the association between baseline plasma t-tau and
NfL concentrations and the BFCS rate of atrophy, a potential
proxy of BFCS neurodegeneration, in a cohort of cognitively
intact older adults with subjective memory complaints.

Our results show that higher baseline plasma t-tau concen-
trations are significantly correlated with an increased rate of
BFCS atrophy. In particular, both the anterior (Ch1/2) and
posterior (Ch4) sectors of the BFCS are affected by elevated
baseline t-tau concentrations.

Figure 1 3D representation of basal forebrain regions of interest

Red represents the Ch1-2 regions of interest corresponding to themedial septumand vertical limb of the diagonal bandof Broca, blue is the horizontal limbof
the diagonal band of Broca (not selected as a region of interest in the current article), green represents the Ch4 region of interest corresponding to the nucleus
basalis of Meynert. Regions of interest have been superimposed on the render representation of the T1-weighted high-resolution ICBM 2009a nonlinear
asymmetricMontreal Neurological Institute 152 standard space template. Further details regarding the subregional delineation of basal forebrain cholinergic
system are reported in reference 11.
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On the other hand, no correlation was found between base-
line plasma NfL concentrations and the rate of atrophy of the
anterior or posterior sectors of the BFCS. There was no sig-
nificant interaction between plasma t-tau and NfL concen-
trations on BFCS rate of atrophy either. No significant effects
of brain amyloid load or APOE genotype on the annual rate of
atrophy of the whole BFCS, Ch4, or Ch1/2 sectors were found.

In the last 10 years, several human studies reported increased
in vivo concentrations of both NfL and t-tau in body fluids,
such as blood and CSF, across different pathophysiologic
conditions, including traumatic brain injury (TBI), peripheral
neuropathies, multiple sclerosis, and neurodegenerative dis-
eases, including atypical parkinsonian disorders and AD.31–34

Tau is an axonal protein physiologically and directly involved
in microtubule assembly and cytoskeletal stability.

The BFCS represents one of the first brain structures affected
by AD pathophysiology.35 Human postmortem studies

showed that BFCS cortical projections are composed of un-
myelinated axons.3–5 Recent studies conducted in TBI
cohorts or using brain tissue of patients with AD suggested
that damage of unmyelinated fibers may express more an
increase of tau than NfL concentrations in biofluids, while
damage of myelinated large caliber axons both express tau and
NfL concentrations in biofluids.31,36–38 Based on this evi-
dence, the association found between the BFCS and plasma
tau in our population at risk of AD may more likely reflect
damage of unmyelinated axons. We encourage future longi-
tudinal studies in preclinical cohorts of AD to corroborate
whether plasma tau can reflect the presence of axonal damage
in a key brain region implicated in early stages of AD such as
the BFCS. If so, these results may pave the path toward the
validation of a reliable blood-based marker to monitor tau
pathology in the BFCS leading to the progression of neuro-
degenerative alterations in early stages of AD.

Previous studies reported an increase of plasma t-tau concen-
trations in individuals with MCI due to AD and AD dementia
compared with controls.39–42 In a meta-analysis investigating
231 articles including 15,699 patients with AD and 13,018
controls, plasma t-tau was the only biomarker discriminating
patients with AD from controls (average ratio of levels in
patients with AD vs controls: 1.95, 95% confidence interval
1.12–3.38, p = 0.02).21 In patients with AD and healthy con-
trols, high plasma t-tau was associated with high CSF t-tau
concentrations and low CSF Aβ1-42 peptide levels.14 In-
terestingly, both cross-sectional and longitudinal studies
showed correlations between high baseline concentrations of
plasma t-tau and structural neuroimaging markers of
AD.14,41–43 At baseline, negative correlations between plasma
t-tau concentrations and volumes of the hippocampus, amyg-
dala,41 precuneus,43 and abnormal cortical thickness in AD
signature regions42 were reported. In longitudinal studies,
baseline concentration of plasma t-tau predicted faster increase
of ventricular volume, accelerated decrease of hippocampal
volume, and accelerated regional brain glucose hypo-
metabolism.14 None of these studies investigated the predictive
effect of plasma t-tau concentration on BFCS rate of atrophy.

Our results indicate a potential role of plasma t-tau as a pe-
ripheral biomarker of BFCS tissue injury in a population of
cognitively intact older adults, including (amyloid-positive)
individuals with preclinical AD pathophysiology. These
results are in line with postmortem findings showing that the
BFCS is one of the earliest and most vulnerable brain struc-
tures to neurofibrillary degeneration.1,44

On the other hand, studies on plasmaNfL, a structural protein
presenting high concentrations in the large-caliber myelinated
subcortical axons of the white matter (WM),45 also showed
increased plasma NfL in patients with AD compared to
controls, with a receiver operating characteristic area under
the curve value of 0.87.15 Recently, plasma NfL dynamics in
serum predicted disease progression and brain neuro-
degeneration at the early presymptomatic stages of familial

Table 1 Sociodemographic, global cognition, and genetic
risk factors as well as baseline concentrations of
plasma and neuroimaging markers in the
INSIGHT-preAD participants with both baseline
and 24 months assessment

Values (total n = 276)

Age at baseline, y 75.7 ± 3.4

Education

High 192 (69)

Low 84 (31)

Sex

Men 106 (38)

Women 170 (61)

MMSE at baseline 28.4 ± 0.9

APOE «4 carriers

Carriers 55 (20)

Not carriers 221 (80)

Amyloid PET

2 203 (73)

+ 73 (26)

Baseline plasma t-tau 4.5 ± 2.5

Baseline plasma NfL 29.4 ± 12.5

Baseline adjusted BFCS volume, mm3 664.2 ± 43.3

Abbreviations: BFCS = basal forebrain cholinergic system; INSIGHT-preAD = In-
vestigation of Alzheimer’s Predictors in SubjectiveMemory Complainers; MMSE
= Mini-Mental State Examination; NfL = neurofilament light; t-tau = total tau.
Variables are n (%) ormean ± SD. Education was determined according to an 8-
point scale converted intoadichotomousvariable: individualswithascore lower
than or equal than 5 were considered low educated, while individuals with
a score higher than 5 (high school graduate) were considered highly educated.
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AD.46 High plasma NfL concentrations were further associ-
ated with accelerated decline in hippocampal volume and
cortical thickness in AD signature regions, ventricle enlarge-
ment, and brain hypometabolism in a sample covering par-
ticipants with MCI and AD dementia, as well as cognitively
intact older individuals.15 In contrast, as observed in our
study, Pereira and colleagues47 did not find any significant
correlation between plasma NfL and regional cortical thin-
ning in a sample of cognitively intact older adults (both
amyloid-positive and amyloid-negative). However, significant
correlations were found in MCI amyloid-negative, MCI
amyloid-positive, and AD amyloid-positive cases,47 suggesting
that plasma NfL may represent a marker of neuronal injury at
later stages of neurodegeneration.

Recent studies showed increased NfL concentrations both in
serum and CSF of individuals with a medical history of re-
peated head concussions, such as professional athletes and
amateur boxers, compared to individuals with no history of
the same typology of repeated brain trauma.48,49 These
findings highlighted the increase of NfL concentrations in
body fluids as a consequence of the axonal damage in WM
large-caliber myelinated fibers.

Individuals with a medical history of repetitive mild TBI
showed significantly increased concentrations of NfL but not
of t-tau.36 This result led the authors to assume that short
unmyelinated axons are not substantially damaged after re-
petitive mild TBI.36 With respect to our current results, this
finding may support the hypothesis that significantly in-
creased NfL concentrations, representing damage of WM
large-caliber myelinated fibers, may only be detected at later
stages of neurodegeneration. This hypothesis would also be

consistent with the anatomy of the BFCS neurons (especially
the Ch4 portion), which are mainly characterized by un-
myelinated cortical axons projecting to the cortical mantle
through the underlying WM.5

Neuropathologic studies have shown that earliest t-tau post-
translational modifications are found in the BFCS compared
to other brain regions, suggesting that t-tau post-translational
modifications within the BFCS represent an initial neurode-
generative mechanism related to AD.35

Our results are also in line with previous findings reporting an
association between elevated plasma t-tau concentrations and
cognitive decline, independently of brain amyloid load.13 This
suggests that plasma t-tau concentrations might be useful as
a surrogate biomarker for cognitive decline or neuro-
degeneration of the BFCS, but not as a pathognomonic AD-
specific biomarker.

Our study has some limitations, such as the lack of a sufficient
number of individuals with a clinical diagnosis of AD or other
neurodegenerative diseases, which prevented us from testing
plasma t-tau and NfL concentrations for clinical disease speci-
ficity and their association with BFCS rate of atrophy. However,
associations between plasma t-tau levels and BFCS atrophy
rates were independent of amyloid status, thus suggesting little
specificity for AD over other neurodegenerative processes.

Moreover, since our data only included relatively old indi-
viduals as defined by the inclusion criteria of the INSIGHT-
preAD cohort, it might be of interest to investigate the
predictive effect of plasma t-tau and NfL concentrations on
BFCS rate of atrophy across a broader age range.

Table 2 Correlation of plasma total tau (t-tau) and neurofilament light (NfL) concentrations with progression of basal
forebrain cholinergic system (BFCS) atrophy

APC

Model with influencers Model without influencers

N Estimate SE F value p Valuea f2 N Estimate SE F value p Valuea f2

BFCS 270 251

Intercept −0.48 0.69 — — — −0.43 0.59 — — —

t-tau −0.01 0.02 5.0675 0.025 0.019 −0.01 0.02 4.6815 0.031 0.019

NFL 0.002 0.003 0.0990 0.753 0.000 0.001 0.004 0.0070 0.933 0.000

t-tau*NFL −0.0003 0.0006 0.3618 0.548 0.001 −0.0003 −0.0007 0.2440 0.621 0.001

Age 0.004 0.009 0.2563 0.613 0.001 0.004 0.007 0.3600 0.549 0.001

Sex −0.01 0.06 0.0444 0.833 0.000 −0.03 0.05 0.3733 0.541 0.002

Education −0.03 0.06 0.3494 0.554 0.001 −0.05 0.05 0.9204 0.338 0.004

Amyloid status 0.02 0.07 0.1457 0.703 0.001 −0.009 0.05 0.0247 0.875 0.000

APOE genotype −0.15 0.11 0.9600 0.384 0.007 −0.14 0.09 1.0821 0.340 0.009

Abbreviations: APC = annual percent change; f2 = Cohen f2 value for each measure in the model.
a p Values corrected for age, education, sex, amyloid status, and APOE genotype.
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Finally, the volumetric BFCS measurement is only an indirect
marker of cholinergic system integrity. The delineation of
BFCS was determined based on stereotactic mapping of the
forebrain’s cholinergic nuclei using combined histology and
postmortemMRI.11 Nevertheless, we cannot exclude that the
measurement of the BFCS may also refer to change in neu-
ronal populations that are not exclusively cholinergic.

Our results show that an elevated baseline concentration of
plasma t-tau is associated with a higher rate of atrophy of the

anterior and posterior BFCS in cognitively intact older
adults at risk for AD. These results were independent of
brain amyloid status and APOE genotype. In contrast, no
association was found between baseline plasma NfL con-
centrations and BFCS rate of atrophy. These findings sug-
gest that plasma t-tau, but not NfL, might reflect the
neurodegeneration processes in the BFCS in a population of
older adults at risk for AD. This is in line with neuropath-
ologic findings showing tau-mediated alterations in the un-
myelinated cortical axons of the BFCS in early stages of AD.

Figure 2 Correlation of plasma total tau (t-tau) and basal forebrain cholinergic system (BFCS) rates of atrophy over time

(A) Model without influencers. Two patients with Alzheimer disease (AD) were influencers; therefore, they have been removed from the model without
influencers. (B) Cook distance as measure of influence for each participant from the linear regression on BFCS annual percent change (APC). (C, D) The
distribution of influencers (red points) in relation to the association between the adjusted BFCS (aBFCS) APC and t-tau (C) or neurofilament light (NfL) (D)
concentrations. Red numbers denote influential observations by the Cook distance. aBFapc = adjusted basal forebrain annual percent change; LBD = Lewy
body dementia; PPA = primary progressive aphasia.
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Table 3 Correlation of plasma total tau (t-tau) and neurofilament light (NfL) concentrations with progression of basal forebrain cholinergic system (BFCS) subnuclei atrophy

APC

With influencers Without influencers

N Estimate SE F value p Valuea p Value corrb f2 N Estimate SE F value p Valuea p Value corrb f2

Ch4 270 253

Intercept −0.72 0.72 — — — — −1.01 0.61 — — — —

t-tau −0.01 0.02 5.3333 0.021 0.026 0.020 −0.01 0.02 4.9090 0.026 0.047 0.020

NFL 0.002 0.004 0.0686 0.793 0.793 0.000 0.0006 0.004 0.4803 0.488 0.742 0.002

t-tau*NFL −0.0004 0.0006 0.4383 0.508 0.508 0.002 −0.0004 −0.0007 0.3604 0.548 0.548 0.001

Age 0.007 0.009 0.5681 0.451 0.841 0.002 0.01 0.008 2.3651 0.125 0.250 0.010

Sex −0.11 0.06 3.2114 0.074 0.148 0.012 −0.14 0.05 7.2946 0.007 0.014 0.030

Education −0.02 0.06 0.0930 0.760 0.760 0.000 −0.005 0.05 0.0087 0.925 0.925 0.000

Amyloid status 0.01 0.07 0.0405 0.840 0.919 0.000 −0.03 0.06 0.2988 0.585 0.648 0.001

APOE genotype −0.16 0.11 0.9777 0.377 0.567 0.006 −0.16 0.09 1.3809 0.253 0.409 0.010

Ch1/2 270 256

Intercept −0.02 0.86 — — — — −0.10 0.77 — — — —

t-tau −0.009 0.03 4.9759 0.026 0.027 0.019 −0.008 0.03 3.9535 0.047 0.047 0.016

NFL 0.006 0.004 1.4216 0.234 0.468 0.005 0.004 0.005 0.1085 0.742 0.742 0.000

t-tau*NFL −0.0005 0.0007 0.6376 0.425 0.508 0.002 −0.0006 0.0009 0.5181 0.472 0.548 0.002

Age 0.002 0.01 0.0400 0.841 0.841 0.000 0.005 0.010 0.2483 0.618 0.618 0.001

Sex −0.04 0.07 0.3526 0.553 0.553 0.001 −0.04 0.06 0.4171 0.518 0.518 0.002

Education −0.07 0.08 0.7479 0.387 0.760 0.003 −0.04 0.07 0.3906 0.532 0.925 f2

Amyloid status −0.008 0.08 0.0104 0.919 0.919 0.000 −0.03 0.07 0.2077 0.648 0.648

APOE genotype −0.14 0.13 0.5671 0.567 0.567 0.004 −0.15 0.12 0.8956 0.409 0.409 —

Abbreviations: APC = annual percent change; Ch4 = nucleus basalis of Meynert; Ch1/2 = Ch1 and Ch2 sectors; f2 = Cohen f2 values for each measure in the model.
a p Values adjusted for age, education, sex, amyloid status, and APOE genotype.
b p Values corrected for Benjamini-Hochberg correction.
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To our knowledge, this is the first study investigating
the association between candidate markers of neuro-
degeneration in the plasma and in vivo atrophy rates of the
BFCS, a brain region affected early by AD.

Based on the current knowledge of AD-related neuropathol-
ogy,35 the anatomical features of the basal forebrain, and the
existing literature on the alterations of the 2 plasma markers in
cognitively normal individuals,36 we hypothesize that plasma
t-tau and plasma NfL concentrations may reflect anatomically
different processes at different time points in the pathophysi-
ologic course of AD. Thus, plasma t-tau may be useful in
detecting early neurodegenerative processes of the BFCS, and

other brain structures, that are characterized by unmyelinated
cortical axons, whereas plasma NfL may be more closely as-
sociated with neurodegenerative processes characterized by
damage of WM large-caliber myelinated fibers that occur at
later disease stages in AD. Additional studies on molecular NfL
and tau mechanisms and populations including different clin-
ical stages of AD are needed to confirm this hypothesis.
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Figure 3 Correlation between plasma total tau (t-tau) and Ch4 atrophy changes over time

(A) Model without influencers. (B) Cook distance as measure of influence for each participant from the linear regression on annual percent change (APC) of
Ch4. (C, D) The distribution of influencers (red points) in relation to the association between the APC of Ch4 and t-tau (C) or neurofilament light (NfL) (D)
concentrations. Red numbers denote influential observations by Cook distance. aNBMapc = adjusted nucleus basalis annual percent change.
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Figure 4 Correlation between plasma total tau (t-tau) and Ch1/2 sectors atrophy changes over time

(A) Model without influencers. (B) Cook distance as measure of influence for each participant from the linear regression on annual percent change (APC) of
Ch1/2. (C, D) The distribution of influencers (red points) in relation to the association between the APC of Ch1/2 and t-tau (C) or neurofilament light (NfL) (D).
Red numbers denote influential observations by Cook distance. aCh2apc = adjusted Ch2 annual percent change.
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