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Abstract
Background and Objectives
This study aimed to examine whether baseline CSFmeasures of Alzheimer disease (AD)–related
pathology are associated with the time to onset of mild cognitive impairment (MCI) and whether
these associations differ by age, sex, Apolipoprotein E (ApoE4) status, and proximal (≤7 years) vs
distal (>7 years) time to symptom onset.

Methods
Measures of amyloid (Aβ1-42 and Aβ1-40), phospho-tau (ptau181), and total tau (t-tau) were
determined from CSF samples obtained at baseline from participants in an ongoing longitu-
dinal project, known as the Biomarkers for Older Controls at Risk for Alzheimer Disease study
(BIOCARD) study. The fully automated, Lumipulse G immunoassay was used to analyze the
specimens. Cox regression models were used to examine the relationship of baseline biomarker
levels with time to symptom onset of MCI and interactions with age, sex, and ApoE allelic status
in subjects who progressed from normal cognition to MCI.

Results
Analyses included 273 participants from the BIOCARD cohort, who were cognitively normal
and predominantly middle-aged at baseline, and have been followed for an average of 16 years
(max = 23.6). During follow-up, 94 progressed to MCI (median time to symptom onset = 6.9
years). In Cox regression models, elevated ptau181 and t-tau levels were associated with time to
MCI symptom onset if it occurred within 7 years of baseline (HR 1.386 and 1.329; p = 0.009
and 0.017, respectively), while a lower Aβ42/Aβ40 ratio was associated with symptom onset if it
occurred >7 years from baseline (HR 0.596, p = 0.003). There were also significant 3-way CSF
× age × sex interactions for ptau181 and Aβ42/Aβ40, with follow-up analyses indicating that
associations between these biomarkers and progression toMCI were stronger amongmen than
among women, but this difference between sexes diminished with increasing age.

Discussion
The lengthy follow-up of BIOCARD participants permitted an examination of time-varying
associations between CSF AD biomarkers with MCI symptom onset and the influence of sex,
baseline age, and ApoE4 genotype on these associations. These factors may inform clinical trial
enrollment strategies, or trial duration and outcomes, which may use these measures as sur-
rogate markers of treatment response.
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AD-related pathologic processes begin in middle age, decades
before the onset of cognitive symptoms.1-3 CSF measures of
amyloid beta protein (Aβ) and phosphorylated tau (ptau)
reflect the primary pathologic hallmarks of AD (amyloid
plaques and neurofibrillary tangles). These measures are al-
tered many years before the onset of clinical symptoms of
mild cognitive impairment (MCI).4

Most previous studies have usedCSF assays based on ELISA or
immunosorbent assays. Although requiring extensive user in-
teraction, intralaboratory values are generally consistent.
However, several international studies have demonstrated
considerable interlaboratory variability.5-7 In attempt to miti-
gate these issues, fully automated assays have been developed,
which use standardized reference samples that reduce vari-
ability within and between laboratories.8-10 For example, the
Lumipulse G CSF assays have demonstrated good analytical
performance,11 which is comparable with manual and other
automated immunoassays that have been used in the AD re-
search field.9,12,13 In addition, Lumipulse and Elecsys methods
are highly concordant with clinical diagnoses, with recent work
suggesting that the Lumipulse Aβ42 and ptaumeasures provide
the highest discriminating power.10 Diagnostic accuracy of
these CSF biomarkers have also been demonstrated for AD vs
other neurodegenerative dementias,14 and validated cut points
for the ratio of total tau (t-tau)/Aβ42 have been shown to
correspond to amyloid-PET status in clinical and observational
cohorts.9,15

Previous studies of CSF biomarkers, measured using the fully
automated assays, have not examined whether these markers
are associated with the onset of MCI symptoms among cog-
nitively normal individuals over both short term and long
term. This study addresses this gap by leveraging a unique
data set derived from the Biomarkers for Older Controls at
Risk for Alzheimer Disease study (BIOCARD) study, which
began collecting CSF specimens in cognitively normal indi-
viduals in 1995. As most participants have been followed to
the present time, this affords a particularly long duration of
follow-up (median = 15.9 years, max = 23.6 years). It is im-
portant that 94 participants have progressed from normal
cognition to MCI or dementia, thus allowing an examination
of potential interactions of these CSF measures with other
variables in relationship to the risk of progression to MCI,
including baseline age, sex, and Apolipoprotein E (ApoE) ge-
notype. This has been difficult to achieve in previous studies
because of more limited numbers of progressors, which re-
duces the power to provide estimates of interaction effects.
The long duration of follow-up also allows an examination of

whether these measures are differentially associated with risk
of progression proximally (within 7 years) vs more distally
(>7 years) from baseline. Such analyses may contribute useful
information for clinical trial strategies of cognitively normal
individuals, ensuring enrollment of a sufficient number of
subjects who are likely to progress during the time frame of
this study.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The BIOCARD study was approved by the Johns Hopkins
Medical Institutional Review Board #3. Written informed
consent was obtained from all participants in this study.

Study Design and Participant Selection
Data for this study were derived from the BIOCARD study,
which was designed to recruit and follow a cohort of cognitively
normal individuals to identify variables that could predict the
subsequent development of mild to moderate symptoms of
AD. By design, approximately 75% of the participants had a
first-degree relative with dementia of the AD type. The BIO-
CARD study was initiated at the NIH in 1995. Recruitment
procedures, baseline evaluations, and annual clinical and cog-
nitive assessments were previously presented in detail.16 In
brief, recruitment was conducted from 1995 to 2005 by staff at
the Geriatric Psychiatry Branch of the National Institutes of
Mental Health. Individuals were excluded from participation if
they were cognitively impaired or had significant medical
problems such as severe cardiovascular disease (e.g., atrial fi-
brillation), chronic neurologic disorders (e.g., epilepsy and
multiple sclerosis), or severe cerebrovascular disease (based on
MRI scan). After providing written informed consent, 349 in-
dividuals were enrolled in this study (eTable 1, links.lww.com/
WNL/C197). At baseline, participants completed a compre-
hensive evaluation consisting of a physical, neurologic, and
psychiatric examination; neuropsychological testing; an elec-
trocardiogram; and standard laboratory studies. CSF speci-
mens and MRI scans were obtained approximately every 2
years. This study was stopped in 2005 for administrative rea-
sons. In 2009, a research team from the Johns Hopkins School
of Medicine was funded to re-establish the cohort, continue
annual clinical and cognitive assessments and blood draws, and
evaluate the previously acquired data. Biannual collection of
CSF specimens and MRI scans were reinitiated in 2015. Am-
yloid PET imaging was instituted in 2015, and tau PET imaging
was instituted in 2021. eFigure 1, links.lww.com/WNL/C197,

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; ApoE = Apolipoprotein E; BIOCARD = Biomarkers for Older Controls at Risk for
Alzheimer Disease study; CDR = Clinical Dementia Rating scale; HR = hazard ratio; MCI = mild cognitive impairment;
MMSE = mini-mental state examination; ptau = phospho-tau; t-tau = total tau.
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presents a schematic representation of the study design. Data
collection is ongoing.

Clinical and Cognitive Assessments
Annual clinical examinations included medical history, record
of medication use, physical and neurologic examination, be-
havioral and mood assessments, and the Clinical Dementia
Rating (CDR) scale (based on a semistructured interview
with the participant and collateral source).17,18 The neuro-
psychological battery covered all major cognitive domains.16

Participants received a consensus diagnosis at each study visit
by the staff of the BIOCARD Clinical Core at Johns Hopkins
(prospectively for subjects evaluated starting in 2009 and
retrospectively for subjects evaluated at the NIH), as pre-
viously described.16 A syndromic diagnosis (e.g., normal,
MCI, and dementia) was established by review of (1) clinical
data pertaining to the medical, neurologic, and psychiatric
status; (2) reports of changes in cognition by the subject and
by a collateral source; and (3) decline in cognitive perfor-
mance, based on longitudinal cognitive testing from multiple
domains (and by comparison with published norms). A di-
agnosis of “impaired not MCI” was made for individuals with
contrasting information between the CDR interview and the
cognitive test scores. These participants were included in the
group of cognitively normal individuals because they do not
meet MCI criteria, but all primary analyses were rerun ex-
cluding these participants.

If a subject was deemed to be impaired, the decision about the
likely etiology of the syndrome was based on the medical,
neurologic, and psychiatric information collected at each visit,
as well as medical records obtained from the subject, where
necessary. More than one etiology could be endorsed for each
subject (e.g., AD and vascular disease). Consensus diagnosis
procedures followed the diagnostic recommendations in-
corporated in the National Institute on Aging–Alzheimer
Association workgroup reports for the diagnosis ofMCI19 and
dementia due to AD.20 Consensus diagnoses were blinded to
participants’ biomarker measures and ApoE status.

The primary outcome variable was time from baseline to
onset of MCI clinical symptoms. This determination was
established separately, based primarily on information from
the CDR interview. In these analyses, “baseline” was defined
as time of first CSF measurement.

CSF Biomarker Measures
CSF samples used in the present analyses were collected
between 1995 and 2005, while this study was at the NIH. CSF
was collected through lumbar puncture and aliquoted into
polypropylene cryotubes, which were kept on dry ice, and
transferred to a −80°C freezer for long-term storage imme-
diately after collection. For this study, samples were thawed
for the first time since collection to run the fully automated
chemiluminescence enzyme immunoassays (Lumipulse
G1200, Fujirebio Diagnostics, Inc.) for Aβ40, Aβ42, ptau181,

and t-tau. The coefficients of variation of an internal CSF
standard run every day over the 10 days the assays were
performed were Aβ1-42, 3.4%; Aβ1-40, 2.7%; ptau181, 1.8%;
and t-tau, 8.0%.

Previous reports indicate that the Aβ42/Aβ40 ratio is more
informative than either Aβmeasure alone because it accounts
for interindividual differences in total CSF Aβ levels and may
mitigate against preanalytic variability.9,21-23 Thus, in addition
to examining the individual Aβ and tau measures, we exam-
ined the following ratios: Aβ42/Aβ40, ptau181/Aβ42, and t-
tau/Aβ42. The Supplementary Materials include analyses of
additional ratios: ptau181/Aβ40, ptau181/Aβ42:Aβ40, and t-
tau/Aβ42:Aβ40.

ApoE Genotype
ApoE genotypes were determined by restriction endonuclease
digestion of PCR-amplified genomic DNA (performed by
Athena Diagnostics). ApoE4 carrier status was coded by an
indicator variable, with E4 carriers coded as 1 and noncarriers
coded as 0.

Statistical Analyses
Group differences in baseline characteristics were assessed
using t tests or Wilcoxon rank-sum tests for continuous var-
iables and χ2 tests for dichotomous variables. Cox regression
models (i.e., proportional hazard models) were used to ex-
amine the probability of MCI symptom onset in the observed
period and which variables were associated with the time (in
years) to this outcome. All CSF variables were standardized
into z-scores by subtracting their baseline means and then
dividing by the SD, based on their baseline distributions be-
fore model fitting, to facilitate comparison of the results across
CSF variables. Hazard ratios (HRs; i.e., the relative hazard)
and 95% CIs were calculated for variables in the Cox models.
Separate models were run for each CSF variable.

First, Cox models (adjusted for baseline age, years of educa-
tion, ApoE4 status, and sex) were used to determine whether
each baseline CSF measures were associated with time to
onset of MCI clinical symptoms. Next, the models examined
whether the association between baseline CSF measures and
risk of clinical symptom onset differed by baseline age and sex,
by including a 3-way CSF × age × sex interaction term (as well
as all relevant lower-order interaction terms); when significant
3-way interactions were found, follow-up analyses, stratified
by sex and age (younger than 60 years vs 60 years or older),
were run. If the 3-way interaction was not significant, the
model was rerun excluding this term, as well as the age × sex
interaction term, to test 2-way interactions (i.e., CSF × age
and CSF × sex) in reduced models. A separate set of models
tested interactions involving ApoE4 status by including a
3-way CSF × ApoE4 × sex interaction term (as well as all
relevant lower-order interaction terms). Nonsignificant 3-way
interaction terms were removed, and reduced models tested
2-way interactions (i.e., ApoE4 × sex and ApoE × CSF).
Multiple comparison corrections for p values used the Simes
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method that controls the false discovery rate24 (see the
eMethods, links.lww.com/WNL/C197, for details regarding
the interpretation of HRs.

In a second set of analyses, Cox models examined whether the
CSF measures were associated with clinical symptom onset for
transitions occurring closer vs later in time, relative to baseline,
by including time-varying coefficients for the CSF biomarkers
in the Coxmodels. Thesemodels included an indicator variable
for time, as part of the coefficient for the CSF measure,
reflecting progression proximal to baseline (within 7 years) vs
more distal from baseline (>7 years). Seven years was selected
as the cut-off point because it reflected themedian time toMCI
clinical symptom onset and resulted in a nearly equivalent
number of subjects falling within the 2 subgroups (see Results).
This analytic approach is equivalent to treating CSF biomarker
levels with time-dependent HRs, allowing an examination of
whether baseline CSF measures were differentially associated
with risk of progression within 7 years vs after 7 years from
baseline, as in previous reports.25,26

All analyses were performed in Stata (version 16.1). Signifi-
cance was set at p < 0.05.

Data Availability
Data used in these analyses are available through standard
application procedures described on the BIOCARD website
(biocard-se.org).

Results
Descriptive and Baseline Statistics
The analyses presented here include data from 273 partici-
pants who were cognitively normal at their baseline CSF
measure. Subjects were excluded for the following reasons:
Those who withdrew or did not re-enroll (n = 26), whose
symptom onset was determined to be before the baseline visit
(n = 12) or first CSF measure (n = 4), whose last diagnosis
was before their first CSF measure (n = 1), and who did not
have CSF collected while this study was at NIH (n = 33).

Table 1 presents the descriptive and baseline characteristics
for all participants included in these analyses and for partici-
pants stratified by follow-up diagnosis. On average, partici-
pants were followed for 15.6 years (maximum = 23.6 years);
179 remained cognitively normal and 94 progressed to MCI
or dementia (mean [SD] time from baseline to clinical
symptom onset = 7.6 [4.5] years). At baseline, there were no
significant differences between participants who remained
normal and those who progressed to MCI or dementia in
mini-mental state examination (MMSE) scores, sex, ApoE4
status, education, or race (all p > 0.1). However, participants
who progressed were older than those who remained cogni-
tively unimpaired (p < 0.001) and had significantly higher
levels of CSF ptau181 and t-tau and lower Aβ42/Aβ40 ratios
at baseline (all p < 0.001).

Associations Between Baseline CSF Biomarker
Measures and Progression to MCI
Symptom Onset
The results of the Cox regression models examining each of
the CSF measures in relation to time to MCI symptom onset
are presented in Table 2. With the exception of Aβ40 and
Aβ42 alone, all measures were significantly associated with
time to MCI clinical symptom onset (all p < 0.02). Specifi-
cally, lower Aβ42/Aβ40, higher ptau181 and t-tau, and higher
ratios of ptau181 and t-tau to Aβ42 were associated with a
faster time to symptom onset. Kaplan-Meier plots reflecting
these associations are shown in Figures 1 and 2.

The pattern of results was the same when participants with a
diagnosis of impaired not MCI (n = 23) were excluded from
the analysis, except that the association for Aβ42 reached
significance (HR = 0.79, p = 0.04) (eTable 2A, links.lww.
com/WNL/C197, for analyses of the ptau181/Aβ40, t-tau/
Aβ42:Aβ40, and ptau181/Aβ42:Aβ40 ratios, which were also
associated with time to symptom onset. Corresponding
Kaplan-Meier plots reshown in eFigure 2, links.lww.com/
WNL/C197).

For covariate effects, in all models, older baseline age was
associated with reduced time to symptom onset, while more
years of education were associated with increased time to
onset of MCI symptoms (data not shown). There were also
trends for main effects of sex, indicating a tendency for women
to show a weaker association between the CSF measures and
time to symptom onset than men (eTables 5–6, links.lww.
com/WNL/C197, for baseline CSF biomarker values by sex).
The main effect of ApoE4 status was not significant in any
model (all p > 0.1).

Interactions Between CSF Biomarkers,
Baseline Age, Sex, and ApoE4 With Time to MCI
Symptom Onset

3-Way CSF × Age × Sex Interaction Terms
Examining whether associations between CSF biomarkers
and MCI symptom onset differed by baseline age and sex
revealed significant 3-way interactions only for ptau181 (HR
for the interaction term = 1.28, p = 0.014) and Aβ42/Aβ40
(HR for the interaction term = 0.74, p = 0.017), as presented
in Figure 3. For male participants, there was a significant main
effect of ptau181 (HR = 1.89, p < 0.001) and an interaction
between ptau181 and age (HR = 0.84, p = 0.008), indicating
that higher ptau181 was associated with greater risk of pro-
gression but that the strength of this association decreased
among men with an older baseline age. For female partici-
pants, the main effect of ptau181 and its interaction with age
were not significant (both p > 0.30). Holding age constant,
the difference in the risk of progression between male par-
ticipants and female participants, based on ptau181 levels, was
significant (HR = 0.53, p = 0.016 for sex × ptau181 in-
teraction), but this difference decreased with increasing age
(Figure 3A).
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A similar pattern of results was found for Aβ42/Aβ40. Anal-
yses stratified by sex showed that for male participants, lower
Aβ42/40 was associated with increased risk of progression
(HR = 0.40, p < 0.001). This association was weaker among
older men, as indicated by a significant interaction between
Aβ42/40 and age (HR = 1.32, p = 0.006). For female par-
ticipants, neither the main effect of Aβ42/40 nor its

interaction with age reached significance (both p > 0.1).
Holding age constant, the difference in the risk of progression
between male participants and female participants associated
with low Aβ42/Aβ40 was significant (HR = 1.90, p = 0.017 for
sex × Aβ42/Aβ40 interaction). The difference between sexes
diminished with increasing baseline age to a point where they
were roughly equivalent by age 65–70 years (Figure 3B).

Table 1 Descriptive and Baseline Characteristics for All Participants Included in These Analyses

All subjects in
analyses Remain normal

Progress to MCI
or dementia

p
Value

N 273 179 94 —

Mean (range; [SD]) age at baseline CSF measure 57.25 (20–86; [10.06]) 54.79 (20–86; [9.59]) 61.92 (39–85; [9.30]) <0.001

Mean (SD) time in y from baseline CSF to most recent diagnosis 15.61 (4.75) 15.86 (4.75) 15.14 (4.74) 0.236

Median time (IQR) [Min–Max] in y from baseline CSF to most
recent diagnosis

15.92 (14.58–18.5)
[1–23.58]

16.25 (14.92–18.5)
[1–23.58]

15.46 (12.58–18.75)
[4–22.75]

0.134

Mean (SD) time in y from baseline CSF to onset of clinical
symptoms

— — 7.59 (4.54) —

Median (IQR) [Min–Max] time in y from baseline to onset of
clinical symptoms

— — 6.85 (4.52–10.88)
[0.75–22.4]

—

N (%) female sex 163 (59.7%) 112 (62.6%) 51 (54.3%) 0.18

Mean (SD) y of education 17.08 (2.35) 17.24 (2.30) 16.76 (2.43) 0.10

N (%) ApoE4 carriers 94 (34.4%) 59 (33.0%) 35 (37.2%) 0.48

N (%) White race 266 (97.4%) 176 (98.3%) 90 (95.7%) 0.20

Mean (SD) MMSE score at baseline CSF measure (n = 268) 29.57 (0.78) 29.61 (0.72) 29.48 (0.88) 0.18

Mean (SD) Aβ40 9,664 (3,302) 9,475 (3,482) 10,024 (2,912) 0.19

Mean (SD) Aβ42 816 (323) 839 (333) 774 (300) 0.12

Mean (SD) ptau181 35 (18) 31 (14) 41 (22) <0.001

Mean (SD) t-tau 260 (139) 236 (112) 306 (172) <0.001

Mean (SD) Aβ42/Aβ40 0.09 (0.02) 0.09 (0.02) 0.08 (0.02) <0.001

Abbreviations: IQR = interquartile range; MCI = mild cognitive impairment; MMSE = mini-mental state examination.

Table 2 Hazard Ratios for Baseline CSF Measures in Relation to Time to MCI Symptom Onset

Baseline CSF measures HR 95% CI p Value Multiple testing p valuea

Aβ40 0.965 0.779–1.196 0.748 0.748

Aβ42 0.814 0.646–1.027 0.082 0.096

t-tau 1.304 1.063–1.598 0.011 0.015

pTau181 1.324 1.073–1.634 0.009 0.015

Aβ42/Aβ40 0.675 0.532–0.857 0.001 0.002

ptau181/Aβ42 1.452 1.237–1.704 <0.001 <0.001

t-tau/Aβ42 1.392 1.182–1.639 <0.001 <0.001

Abbreviations: HR = hazard ratio; MCI, mild cognitive impairment.
Hazard ratios were estimated using Cox regression models that include 1 biomarker at a time, adjusting for baseline age, sex, y of education, and ApoE4
carrier status.
a p values were corrected for multiple comparisons using the Simes method that controls the false discovery rate with the Stata qqvalue package.25
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Finally, the results of reduced models (for the CSF measures
for which there were no 3-way interactions) are presented in
eTable 3, links.lww.com/WNL/C197. For t-tau, there was a

stronger association for male participants than for female
participants, as indicated by sex × t-tau interaction (HR =
0.68, p = 0.044), but the interaction between t-tau and age was
not significant (p = 0.221). The interaction results for the
secondary models are presented in eTable 2B, links.lww.com/
WNL/C197.

3-Way CSF × ApoE4 × Sex Interaction Terms
There were no significant 3-way interactions between
ApoE4 status, sex, and any of the primary CSF measures (all
p > 0.12; data not shown). In the reduced models, none of
the ApoE4 × CSF (all p > 0.11) or ApoE4 × sex interactions
were significant (all p > 0.2; data not shown) (eTable 2C,
links.lww.com/WNL/C197, for the interaction results of the
ratios of t-tau/Aβ42:Aβ40 and ptau181/Aβ42 and the risk of
progression to MCI, which differed among ApoE4 carriers vs
noncarriers).

Figure 1 Kaplan-Meier Plots Showing the Relationship Be-
tween Baseline Levels of CSF t-tau, ptau181, and
the Ratio Aβ42/Aβ40 and Time to Onset of Clinical
Symptoms of MCI

Higher levels of CSF t-tau (A) and ptau181 (B) and lower levels of Aβ42/Aβ40
(C) are significantly associated with a shorter time to onset of clinical
symptoms of MCI among individuals who were cognitively normal at base-
line. MCI = mild cognitive impairment; t-tau = total tau.

Figure 2 Kaplan-Meier Plots Showing the Relationship Be-
tween Baseline CSF Ratios of t-tau/Aβ42 and
ptau181/Aβ42 and Time to Onset of Clinical
Symptoms of MCI

Higher levels of ratios of t-tau/Aβ42 (A) and ptau181/Aβ42 (B) are signifi-
cantly associated with a shorter time to onset of clinical symptoms of MCI
among individuals who were cognitively normal at baseline. MCI = mild
cognitive impairment; t-tau = total tau.
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CSF Biomarkers in Relation to Risk of
Progression Within vs After 7 Years
Among the 94 participants who developed symptoms of MCI
or dementia over time, 48 became symptomatic within 7 years
of baseline and 46 after 7 years from baseline. Descriptive and
baseline statistics for these 2 subgroups are presented in
eTables 5 and 6, links.lww.com/WNL/C197. There were no
differences in baseline age, sex, education, race, ApoE4 status,
baseline MMSE score, or any CSF measure, except that the
group who progressed within 7 years had higher ptau181
levels (p = 0.045) and marginally higher t-tau levels (p =
0.096). The mean age of MCI symptom onset was signifi-
cantly younger for the proximal vs the distal progressors.

The results from the Cox regression models with time-varying
coefficients for CSF biomarkers are presented in Table 3. The

ratio of Aβ42/Aβ40 was strongly associated with MCI symp-
tom onset in those who progressed >7 years from baseline (HR
= 0.60, p = 0.003), but not in those who progressed more
proximally to baseline (HR = 0.74, p = 0.051). By contrast,
elevated ptau181 and t-tau, as well as the ratios of t-tau and
ptau181 to Aβ42, were associated with MCI symptom onset in
those who progressed proximally (i.e., within 7 years) to
baseline (all HR > 1.32, all p ≤ 0.02). However, the only tau
ratio that was associated with MCI symptom onset occurring
more distally from baseline was the ratio t-tau/Aβ42 (HR =
1.42, p = 0.032; all others p > 0.05). The results were similar
when participants with a diagnosis of impaired not MCI were
excluded, except that the associations of Aβ42 with risk of
progression reached significance in the >7 year group (HR =
0.68, p = 0.026). The results for other secondary ratios are
presented in eTable 2D, links.lww.com/WNL/C197.

Figure 3 Hazard Ratios for the Baseline CSF Measures at Specific Baseline Ages, Stratified by Sex

In male participants (blue line), compared with female participants (red line), higher CSF ptau (ptau181) levels (A) and lower ratios of CSF Aβ42/Aβ40 (B) are
associated with a shorter time to symptom onset, with the difference between the sexes diminishing as baseline age increases. For illustration purposes,
hazard ratios were calculated from the Cox regression models at specific age points (age 50, 60, and 70 years) stratified by sex, using the Cox regression
models with the 3-way interactions (CSF measures × age × sex, years of education, and ApoE4 carrier status). ApoE = Apolipoprotein E.

Table 3 Hazard Ratios for Baseline CSF Measures in Relation to Onset of MCI Symptoms Proximally (Within 7 Years) vs
Distally (>7 Years)

Baseline CSF measures

t within 7 y from baseline t > 7 y from baseline Interaction time × CSF

HR 95% CI p Value HR 95% CI p Value HR 95% CI p Value

Aβ40 0.982 0.738–1.307 0.903 0.948 0.704–1.276 0.724 0.965 0.650–1.431 0.858

Aβ42 0.907 0.670–1.226 0.524 0.717 0.507–1.015 0.060 0.791 0.503–1.243 0.309

t-tau 1.329 1.052–1.679 0.017 1.248 0.888–1.755 0.201 0.939 0.635–1.389 0.754

ptau181 1.386 1.086–1.770 0.009 1.213 0.866–1.700 0.262 0.875 0.592–1.293 0.502

Aβ42/Aβ40 0.741 0.548–1.002 0.051 0.596 0.426–0.835 0.003 0.804 0.526–1.230 0.315

ptau181/Aβ42 1.484 1.246–1.767 <0.001 1.339 0.943–1.900 0.103 0.902 0.614–1.325 0.599

t-tau/Aβ42 1.383 1.151–1.663 0.001 1.422 1.030–1.964 0.032 1.028 0.715–1.479 0.880

Abbreviations: HR = hazard ratio; MCI = mild cognitive impairment; t = time.
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Discussion
In this study, the fully automated Lumipulse G assay for Aβ40,
Aβ42, ptau181, and t-tau was used to investigate relationships
between baseline CSF measures and time to MCI symptom
onset in a cohort of 273 well-characterized, longitudinally
followed individuals who were cognitively normal and largely
middle-aged at baseline, 94 of whom subsequently progressed
to MCI or dementia. There were several notable findings.
First, extending previous studies27 baseline levels of CSF
ptau181, t-tau, and the ratios of Aβ42/Aβ40 and tau/Aβ42
were significantly associated with time to MCI clinical
symptom onset. Second, the strength of the relationships of
some of these CSF measures to time to MCI symptom onset
varied with baseline age, sex, and ApoE4 genetic status. Fi-
nally, measures of CSF tau and Aβ42/Aβ40 had different
time-varying relationships with MCI symptom onset.

Notably, CSF tau-based measures (i.e., ptau181 and t-tau)
were associated with MCI symptom onset within 7 years of
baseline, but not with MCI symptom onset >7 years from
baseline. Conversely, CSF Aβ-based measures showed the
opposite temporal association, with Aβ42/Aβ40 being
strongly associated with progression >7 years from baseline,
but not within 7 years of baseline. These time-dependent
associations suggest that the Aβ42/Aβ40 ratio provides in-
formation regarding more distal progression, whereas tau
measures, as well as the tau/Aβ ratios, are associated with
more proximal progression. This is consistent with hypo-
thetical models suggesting that the changes in Aβ levels occur
earlier in the disease course than tau (e.g., Ref. 28) and with
findings indicating that elevations in tau, or the presence of
both amyloid and tau pathology, have a closer temporal re-
lationship to cognitive decline among cognitively normal in-
dividuals, relative to amyloid alone.25,29-32 For example, a
recent large multicohort cross-sectional study of 3,284 cog-
nitively normal individuals that included CSF biomarker
measurements estimated that changes in Aβ markers occur
further in advance of the onset of cognitive decline than t-tau
and ptau181 during preclinical stages of AD.33 In addition, of
note, the only baseline difference between individuals who
progressed within 7 years vs after 7 years was higher ptau181
levels (and marginally higher t-tau) among proximal pro-
gressors. This suggests that ptau181 levels may be informative
in estimating the time to symptom onset (after accounting for
other risk factors, including age, education, and Aβ levels).

Given the number of individuals who progressed from normal
cognition to MCI or dementia over the long duration of
BIOCARD study follow-up, these analyses offered the unique
opportunity to examine whether associations between base-
line CSF measures and risk of progression to MCI symptom
onset were modified by other factors, including ApoE geno-
type, sex, and baseline age. The results indicated that the
relationship between ptau181 and the ratio of Aβ42/Aβ40,
with the risk of progression to MCI symptom onset, differed
by both baseline age and sex. For both biomarkers, the

strength of the association was stronger in male participants
than in female participants at younger baseline ages, but the
differences between sexes diminished with increasing baseline
age to a point where they were roughly equivalent by age
65–70 years (Figure 3). Although the strengths of these as-
sociations decreased with older baseline ages in male partic-
ipants, in female participants, by comparison, the relationship
between ptau181 and Aβ42/Aβ40 with the risk of progression
MCI symptom onset did not significantly differ by baseline
age. These interactions are unlikely to be due to sex differ-
ences in absolute CSF biomarker levels, given that baseline
levels of t-tau, ptau181, and Aβ42/Aβ40 did not differ be-
tween men and women, either in the full cohort (eTable 4,
links.lww.com/WNL/C197) or among the 94 subjects who
progressed to MCI or dementia (eTable 5, links.lww.com/
WNL/C197).

A possible explanation for these observed 3-way interactions
may pertain to age-related differences in cerebrovascular
disease amongmen vs women. Cardiovascular risk factors and
cerebrovascular changes are more prevalent in men than in
women younger than 60 years, whereas at older ages, sex
differences in cerebrovascular changes and cardiovascular
risks decrease.34,35 Evidence suggests that the presence of
both AD and vascular pathology has additive effects on the
threshold for cognitive impairment.36,37 Thus, at younger
ages, the additive effect of vascular disease and AD pathology
may lower the threshold for cognitive impairment in men,
resulting in a stronger relationship between AD biomarkers
and risk of progression from normal cognition to MCI
symptom onset in men vs women. By contrast, at older ages,
the additive effect of vascular disease and AD pathology may
be similar in men and women, resulting in AD biomarkers
showing equally strong associations with the risk of pro-
gression toMCI symptom onset. Future studies are needed to
replicate these findings and further explore this possibility.

This study found no sex difference in the risk of progression
associated with ApoE4 genotype, although sex differences in
AD risk factors have been described for ApoE genotype
(e.g., Ref. 34, 38, 39). For example, previous studies have
suggested that ApoE4 genotype is a stronger risk factor for AD
in women, especially among women of younger ages
(e.g., Refs. 40-42). Several recent studies have also suggested a
stronger relationship between ApoE4 genotype and CSF tau
levels among women, especially in the presence of greater
amyloid burden,43-46 but the results have been mixed,40,47 and
overall, the literature is sparse. Despite the sizeable number of
individuals who progressed from normal cognition to MCI
symptom onset, this study may have been underpowered to
detect significant 2-way and 3-way interactions. Future studies
with larger sample sizes are needed to address the possible
interactions between CSF biomarkers, ApoE genotype, age,
and sex regarding the risk of progressing to MCI or dementia.

As presented in eTable 2C, links.lww.com/WNL/C197, there
was a stronger relationship between the ratios of ptau181/
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Aβ42:Aβ40 and t-tau/Aβ42:Aβ40 and the risk of MCI symp-
tom onset among ApoE4 carriers than noncarriers. In addition,
although the other CSF measures did not show significant
interactions with ApoE4 genotype, models stratified by ApoE4
demonstrated trends for stronger relationships between these
CSF measures and risk of symptom onset among ApoE4 car-
riers (data not shown), suggesting these effects may be evident
in larger sample sizes. A stronger association between CSF
biomarkers and risk of progression among ApoE4 carriers than
noncarriers is consistent with ApoE4 being a risk factor for
AD,41 while among noncarriers, other risk factors (not exam-
ined in this study) may have alternative or additive impacts on
predicting progression to MCI.

Elucidating the natural history of AD in its presymptomatic
phases is essential for the design of clinical trials in which
cognitively normal individuals would be enrolled, because
such data provide information about those most likely to
progress within specific periods. Of note, an analysis of pla-
cebo data from a large number of MCI clinical trials dem-
onstrated that many subjects had limited progression over the
trial time frame, making it difficult to determine whether the
treatments were efficacious.48 Thus, it will be critical to enroll
subjects likely to progress during the time frame of a clinical
trial among cognitively normal individuals, selected on the
basis of their biomarker profiles, to identify differences in
outcomes between those on placebo vs those on an inter-
ventional therapy. Establishing temporal relationships be-
tween amyloid, tau, and other biomarkers of disease stage and
progression and clarifying interactions with other risk factors
such as sex, age, and ApoE4 genotype will be important in this
regard, particularly in cognitively normal individuals, where
heterogeneity is likely to be a particularly critical factor (e.g.,
Ref. 49). A recent example of baseline measures guiding trial
design was implemented in the phase 2 study of the anti-
amyloid immunotherapy donanemab, in which enrollment
was based on specific levels of both amyloid and tau, as
measured by PET scans.50

This study has several strengths, including the long duration of
follow-up, and the relatively large number of well-characterized,
cognitively normal individuals who were primarily in middle
age at baseline. These findings should also be interpreted
within the context of their limitations. Participants were well-
educated and primarily White, which limits the generalizability
of these results. Although these analyses included a total of 273
participants, the number of individuals who progressed toMCI
(n = 94) was modest for examining complex interaction effects,
such as age, sex, or ApoE genetic status. Therefore, these in-
teraction results should be considered preliminary because they
require replication in future studies with larger sample sizes and
more outcomes. In addition, CSF biomarkers are reflective of
global changes. Brain region-specific effects were not examined.
Finally, this study focused on baseline CSF levels, rather than
longitudinal changes in CSF biomarkers. Future studies eval-
uating longitudinal measures regarding the risk of progressing
to MCI are needed.

In summary, these findings confirm and extend prior results in
several important ways. Across the 94 subjects who progressed
from normal cognition to MCI or dementia, elevated tau levels
were associated withMCI symptom onset if it occurred within 7
years of baseline measure, but less so if onset occurred after 7
years. Conversely, Aβ measures were associated with symptom
onset if it occurred after, rather than before 7 years. Moreover,
the associations of CSF AD biomarkers to time to MCI
symptom onset are influenced by sex, baseline age, and ApoE4
genotype factors potentially affecting clinical trial enrollment
and anticipated outcomes, either for amyloid-based and tau-
based therapies or alternative therapeutic approaches that may
use these measures as surrogate markers of treatment response.
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