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Abstract

INTRODUCTION: We investigated associations of Alzheimer’s disease (AD) serum

biomarkerswith longitudinal changes in cognitive function frommid- to late life among

women.

METHODS: The study population included 192 women with the median age of 53.3

years at baseline, from the Study of Women’s Health Across the Nation Michigan

Cohort, followed up over 14 years. Associations between baseline serum amyloid

β (Aβ)42, the Aβ42/40 ratio, phosphorylated tau181 (p-tau181), and total tau with

longitudinal changes in cognition were evaluated using linear mixed effects models.

RESULTS:After adjusting for confounders, lower Aβ42/40 ratios were associatedwith
faster declines in the Digit Span Backward Test. Higher p-tau181 also showed a bor-

derline statistically significant association with more rapid decline in the Symbol Digit

Modalities Test.

DISCUSSION:Our findings suggest thatmid-life serumADbiomarkers couldbeassoci-

ated with accelerated cognitive decline frommid- to late life in women. Future studies

with larger samples are needed to validate and extend our findings.
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Highlights

∙ This study investigates midlife serum AD biomarkers on longitudinal cognitive

function changes in women.

∙ Mid-life serumAD biomarkers are associated with accelerated cognitive decline.

∙ A decrease in the Aβ42/40 ratio was associated with a faster decline in the DSB

score.

∙ A higher p-tau181 concentration was associated with a faster decline in the SDMT

score.
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1 BACKGROUND

The growing prevalence of cognitive impairment and dementia in aging

populations has led to heightened focus on delaying or preventing

these aging-related conditions. Midlife is increasingly recognized as a

pivotal period, particularly for women, for early phases of processes

producing cognitive decline and the subsequent development of

dementias, including Alzheimer’s disease (AD) and related dementias

in later life.1 The menopausal transition, characterized by sharp

reduction in estrogen levels owing to irreversible ovarian alterations,

is linked to the acceleration of cognitive decline in later life.2 Higher

prevalence of cardiometabolic risk factors in midlife women, such as

hypertension and diabetes, is associatedwith elevated risk of cognitive

decline and dementia in older age.1,3 Given the vital role of midlife

as an optimal window for early detection and prevention of cognitive

decline and dementia, it is crucial to identify reliable predictors for

cognitive decline.

AD biomarkers have potential to act as early predictors of cog-

nitive decline in midlife, enabling timely interventions before the

development of irreversible dementia in later life. Current assessment

methods for pathological hallmarks of AD, such as amyloid β (Aβ) and
tau proteins, involve positron emission tomography (PET) neuroimag-

ing or cerebrospinal fluid (CSF) analysis.4 Although these techniques

yield valuable insights into AD-associated brain pathology, their inva-

siveness, time-consuming nature, and high costs limit widespread

application in clinical practice, screening programs, and large epidemi-

ologic studies. The development of highly sensitive immunoassays and

advanced immunoprecipitation and liquid chromatography-mass spec-

trometry assays now facilitate accurate detection of Aβ and tau pro-

teins in blood samples.4,5 These blood-based biomarkers demonstrate

strong correlations with measurements obtained through PET or CSF

analysis, and can successfully predict cognitive decline, pathological

alterations, and the clinical progression of dementia.4,6,7 Blood-based

biomarkers hold significant promises for both clinical and research

applications.

The majority of existing blood-based biomarker research has

focused on older populations or those at heightened risk for AD.7–9 A

few studies have investigated the relationship betweenADbiomarkers

and cognitive decline from mid- to late life.10 We examined associa-

tions of serum AD biomarkers, including Aβ42, the Aβ42/Aβ40 ratio,

phosphorylated tau181 (p-tau181), and total tau with longitudinal

changes in cognitive function frommid- to late life amongwomen in the

Study ofWomen’s Health Across theNation (SWAN)MichiganCohort.

We hypothesized that a lower Aβ42/40 ratio and higher levels of p-

tau181 and total tau would be associated with worsening cognitive

function and accelerated rates of cognitive decline.

2 METHODS

2.1 Study population

SWAN is an ongoing, multi-racial/ethnic, community-based, prospec-

tive study designed to characterize the natural history of menopause

RESEARCH INCONTEXT

Systematic review: We searched PubMed for articles on

the associations of blood-based Alzheimer’s disease (AD)

biomarkers with cognitive decline and dementia. The major-

ity of existing research focused on older populations or those

at a heightened risk forAD. Fewstudies investigated the rela-

tionship between AD biomarkers and cognitive decline from

mid- to late life.

Interpretation: Our study provides evidence that serum AD

biomarkers, specifically lower Aβ42/40 ratios and higher p-

tau181 levels, are associated with faster cognitive declines

from mid- to late life in women. These findings suggest

that midlife blood AD biomarker assessments may serve as

early predictors of cognitive decline, offering an opportunity

for early detection and prevention before development of

irreversible dementia.

Futuredirections: Future studieswith larger sample sizes are

needed to validate and extend our findings.

and physiological and psychosocial changes during the menopausal

transition.11 Initiated in 1996 to 1997, SWAN enrolled 3302 pre-

menopausal women from seven study sites across the United States.

Eligibility criteria included age 42 to 52 years at enrollment, having

an intact uterus, having at least one menstrual period in the prior 3

months, and not taking hormonemedications in the previous 3months.

More details of the study design of SWAN were previously described.

Institutional Review Board approval was obtained at each study site,

and all participants provided signed informed consent at each study

visit.12

The current analyses encompassed 198 women from the SWAN

Michigan Cohort, from whom stored serum samples were procured

during the7thSWANfollow-upvisit (2003 to2004), denotedhereafter

as the baseline. Each participant underwent at least two comprehen-

sive cognitive function assessments between baseline and the 16th

SWAN follow-up visit in 2017. One participant was excluded from the

analysis due to a lack of information on key covariates, and six incident

stroke cases were censored during the follow-up.We further excluded

13 participants with missing information of Aβ42 and Aβ40 serum lev-

els, 12 with missing data of total tau serum levels, and 43 with missing

data of p-tau181 serum levels, all due to inadequate serum volume

for assays. The final analytic sample comprised 184 participants for

both Aβ42 and Aβ40 analyses (corresponding to 962 cognitive obser-

vations), 185 participants for total tau analysis (965 observations), and

154 participants for p-tau181 analysis (799 observations). A flow chart

of the analytic sample is shown in Figure 1.

2.2 Cognitive function assessments

Cognitive functions were assessed with four standardized tests.

The Symbol Digit Modalities Test (SDMT, range: 0 to 110) assessed
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F IGURE 1 Flow chart of the study design. Aβ, amyloid β; SWAN, Study ofWomen’s Health Across the Nation.

processing speed, motor speed, visuospatial function, associative

learning, and executive function.13 The East Boston Memory Test

(EBMT, range: 0 to 12) immediate recall component, and the EBMT

delayed recall component, were used to measure verbal episodic

memory.14 The Digit Span Backward Test (DSB, range: 0 to 12) eval-

uated working memory and attention.15 For each test, a higher score

indicates better cognitive function. An adjudication panel resolved dis-

crepancies. In SWAN, cognitive function was initially assessed during

the 4th follow-up visit (2000 to 2002). Tominimize the “practice effect”

whereby participants’ cognitive test scores improve over time due to

learning from repeated testing, particularly during the first and second

cognitive assessments,2 the third cognitive assessment (7th follow-up

visit, 2003 to 2005) was chosen as the analytic baseline, at which the

practice effect was no longer evident.2

2.3 Serum AD biomarkers

Blood samples were collected prior to 10 am after an 8-hour fasting

period. The aliquoted specimens were stored at −80◦C in ultra-low

freezers in the SWAN Repository without any instance of thawing.

These samples were then shipped frozen to the Michigan Alzheimer’s

Disease Research Center Biomarker Core Lab at Michigan State

University. Serum concentrations of Aβ42, Aβ40, total tau, and p-

tau181 were quantified using the Single Molecule Array (Simoa)

assays (Quanterix, located in Billerica, MA, USA). Quality control was

ensured by incorporating duplicate samples for each assay. The mea-

sured coefficient of variation remained below the 15% cutoff for all

biomarkers. Pooled plasma bridge samples were also utilized across

all assays as a part of quality control, and no inter-assay discrepancies

were detected.

2.4 Covariates

Dataonparticipants’ age, self-identified race (BlackorWhite), and level

of education (high school or less, some college, or college degree or

higher) were collected using self-administered questionnaires. Smok-

ing status (never smoker, former smoker, or current smoker), frequency

of alcohol consumption (less than 1 drink/month, 1 drink/month to

1 drink/week, or more than 1 drink/week), and menopausal status

(pre-menopausal, early peri-menopausal, late peri-menopausal, post-

menopausal, or unknown due to hormone therapy use) were assessed

via standardized interviews. Depressive symptoms were evaluated

using the Center for Epidemiologic Studies Depression (CES-D) Scale.

2.5 Statistical analysis

Distributions of participants’ characteristics and AD biomarker con-

centrations were examined at baseline. Correlations between AD

biomarker concentrations were also calculated.
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We employed linear mixed effects models to examine the asso-

ciations of baseline AD biomarker measurements, including Aβ42,
the Aβ42/40 ratio, total tau, and p-tau181, with repeatedly mea-

sured SDMT, DSB, and EBMT scores. To account for within-participant

correlations of recurring cognitive assessments, random intercepts

were included in all models. To determine if baseline AD biomark-

ers were associated with the rate of change in cognitive functions

over time, we incorporated multiplicative interaction terms between

the elapsed time from baseline and AD biomarker concentrations into

each model. Time was modeled using a linear term of year. To bet-

ter compare the associations of different biomarkers with cognitive

scores, we further standardized the biomarkers by subtracting the

mean of the corresponding concentrations divided by their standard

deviation (SD). Effect estimates were then interpreted as changes in

cognitive outcomes associated with one SD increase in AD biomark-

ers formore comparable results. The covariates adjusted in themodels

were selected based on a priori knowledge and included the non-time-

varying variables age (baseline), race, and education; and time-varying

variables comprising follow-up time, smoking status, alcohol drink-

ing, menopausal status, and CES-D score. We adjusted p values for

multiple comparisons for associations of AD biomarkers with each

cognitive outcome at a false discovery rate (FDR) of 0.05 using the

Benjamini-Hochbergmethod.16

In the sensitivity analysis, we adjusted for the multiplicative inter-

action between age at baseline and follow-up time in all regression

models to further control for potential confounding due to age. All

analyses were conducted using R, version 4.3.1 (www.R-project.org).

3 RESULTS

The study population of 192 women with at least one AD biomarker

available had a median (interquartile range [IQR]) age at baseline of

53.3 (51.0, 55.6) years, and median (IQR) age at the last follow-up visit

of 64.0 (61.4, 66.3) years. The median (IQR) follow-up time was 8.5

(11,7, 12.1) years. At baseline, the majority were non-smokers, con-

sumed alcohol fewer than once per month, and were post-menopausal

(Table 1). Over half of the participants identified as Black (60.9%), and

the remaining wereWhite (39.1%).

The mean (SD) of cognitive test scores at baseline was 53.5 (11.5)

for SDMT, 6.2 (2.3) for DSB, 10.0 (1.8) for EBMT immediate recall,

and 9.7 (2.0) for EBMT delayed recall (Table 1). The mean (SD) of AD

biomarker concentrations was 7.9 (4.4) pg/mL for Aβ42, 157.0 (87.2)

pg/mL for Aβ40, 0.06 (0.04) for the Aβ42/40 ratio, 3.4 (2.8) pg/mL for

total tau, and 15.9 (10.9) pg/mL for p-tau181. Aβ42, Aβ40, total tau,
and p-tau181 were positively correlated, while negatively correlated

with the Aβ42/40 ratio (Figure S1).
After adjustment for age at baseline, race, education, follow-up

time, smoking status, alcohol drinking, menopausal status, CES-D,

and interaction terms between AD biomarker concentrations and

follow-up in the linear mixed effects model, a lower Aβ42/40 ratio

was associated with a more rapid decline in the DSB score (Table 2).

On average, the DSB score decreased −0.06 (95% confidence interval

TABLE 1 Characteristics of the study population with at least one
Alzheimer’s disease biomarker available at baseline (N= 192).

Characteristics Distribution

Age, years, median (IQR) 53.3 (51.0, 55.6)

Follow-up time, years, median (IQR) 8.5 (11,7, 12.1)

Race, n (%)

White 75 (39.1)

Black 117 (60.9)

Education, n (%)

High school or less 134 (69.8)

Some college 29 (15.1)

College and above 29 (15.1)

Smoking status, n (%)

Never smoked 105 (54,7)

Former smoker 52 (27.1)

Current smoker 35 (18.2)

Alcohol drinking, n (%)

<1 drink/month 122 (63.5)

1 drink/month to 1 drink/week 39 (20.3)

>1 drink/week 31 (16.2)

Menopausal status, n (%)

Pre-menopausal 2 (1.0)

Early peri-menopausal 52 (27.1)

Late peri-menopausal 23 (12.0)

Post-menopausal 101 (59.9)

Unknown* 14 (7.3)

Center for epidemiologic studies

depression scale, mean (SD)

9.3 (9.6)

Symbol digit modalities test

(SDMT), mean (SD)

53.5 (11.5)

Digit span backwards test (DSB),

mean (SD)

6.2 (2.3)

East BostonMemory Test (EBMT)

immediate recall, mean (SD)

10.0 (1.8)

EBMT delayed recall, mean (SD) 9.7 (2.0)

Aβ42, pg/mL, mean (SD) 7.9 (4.4)

Aβ40, pg/mL, mean (SD) 157.0 (87.2)

Aβ42/40 ratio, mean (SD) 0.06 (0.04)

Total tau, pg/mL, mean (SD) 3.4 (2.8)

Phosphorylated tau181, pg/mL,

mean (SD)

15.9 (10.9)

Abbreviations: Aβ, amyloid β; IQR, interquartile range; SD, standard devia-

tion.
aMenopausal status unknown due to hormone therapy or hysterectomy.

[CI]: −0.11, 0) annually, while an SD decrease in the Aβ42/40 ratio

was associated with a further decline of 0.03 (95% CI: 0.01, 0.06)

in the DSB score annually (p for interaction = 0.03). However, the

interactionwas no longer significant (FDR= 0.12) after adjustment for

multiple comparisons using FDR. Additionally, participants with higher

http://www.R-project.org
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TABLE 2 Changes in cognitive scores and their rates of changes per standard deviation increase in Alzheimer’s disease biomarker
concentrations from linear mixed effects models.

ADbiomarkers SD Time effect (95%CI) Main effect (95%CI)

Interactionwith time

(95%CI) p for interaction

Symbol DigitModalities Test

Aβ42, pg/mL 4.4 −0.38 (−0.58,−0.18) −1.19 (−2.66, 0.28) 0.03 (−0.06, 0.12) 0.57

Aβ42/40 ratio 0.04 −0.31 (−0.51,−0.12) −0.14 (−1.59, 1.31) −0.01 (−0.12, 0.09) 0.82

Total tau, pg/mL 2.8 −0.33 (−0.49,−0.18) 1.06 (−0.41, 2.53) 0.01 (−0.09, 0.10) 0.92

P-tau181, pg/mL 10.9 −0.26 (−0.44,−0.07) 0.57 (−1.00, 2.15) −0.08 (−0.18, 0.01) 0.08

Digit Span Backwards Test

Aβ42, pg/mL 4.4 0.01 (−0.05, 0.06) 0.03 (−0.26, 0.31) −0.01 (−0.03, 0.02) 0.64

Aβ42/40 ratio 0.04 −0.06 (−0.11, 0) −0.04 (−0.32, 0.23) 0.03 (0.01, 0.06) 0.03

Total tau, pg/mL 2.8 0.01 (−0.04, 0.05) 0.07 (−0.22, 0.35) −0.01 (−0.03, 0.02) 0.54

P-tau181, pg/mL 10.9 −0.02 (−0.07, 0.03) −0.09 (−0.42, 0.24) 0.02 (−0.01, 0.05) 0.17

East BostonMemory Test immediate recall

Aβ42, pg/mL 4.4 −0.03 (−0.08, 0.02) −0.04 (−0.25, 0.17) 0.01 (−0.01, 0.04) 0.31

Aβ42/40 ratio 0.04 −0.03 (−0.08, 0.02) −0.15 (−0.36, 0.05) 0.02 (−0.01, 0.05) 0.22

Total tau, pg/mL 2.8 −0.02 (−0.07, 0.01) 0.03 (−0.18, 0.23) 0.02 (−0.01, 0.04) 0.11

P-tau181, pg/mL 10.9 −0.03 (−0.08, 0.02) 0.03 (−0.20, 0.26) 0.02 (−0.01, 0.05) 0.11

East BostonMemory Test–Delayed recall

Aβ42, pg/mL 4.4 −0.03 (−0.08, 0.03) −0.06 (−0.28, 0.16) 0.01 (−0.01, 0.03) 0.42

Aβ42/40 ratio 0.04 −0.02 (−0.07, 0.03) −0.13 (−0.35, 0.08) 0.01 (−0.02, 0.03) 0.73

Total tau, pg/mL 2.8 −0.02 (−0.06, 0.02) 0.11 (−0.11, 0.33) 0.01 (−0.01, 0.04) 0.28

P-tau181, pg/mL 10.9 −0.04 (−0.09, 0.01) 0.05 (−0.19, 0.30) 0.02 (−0.01, 0.05) 0.12

Note: All models were adjusted for age at baseline, race, education, follow-up time (year), smoking status, alcohol drinking, menopausal status, and Center for

Epidemiologic Studies Depression Scale score. Multiplicative interaction terms between AD biomarkers and follow-up timewere also included in themodels

to estimate the associations between AD biomarkers and rate of changes in cognitive scores.

Abbreviations: Aβ, amyloid β; AD, Alzheimer’s disease; CI, confidence interval; p-tau181: phosphorylated tau181; SD, standard deviation.

p-tau181 concentrations exhibited a faster decline in the SBMT score

(−0.08, 95% CI: −0.18, 0.01), though the interaction was borderline

statistically significant (p = 0.08). No associations of AD biomarkers

with other cognitive function scores were observed.

In the sensitivity analysis of further adjusting for interaction terms

between age at baseline and follow-up time, we observed no differ-

ences compared to our primary analysis (Table S1).

4 DISCUSSION

In this longitudinal study of mid- to late-life women following over

14 years from the SWAN Michigan cohort, we found that a lower

serum Aβ42/40 ratio at baseline was significantly associated with sub-
sequent faster decline in DSB scores, reflecting accelerated decline

in attention and working memory. However, this interaction was no

longer statistically significant after adjusting for multiple comparisons.

We found that higher serum p-tau181 concentrations were associ-

ated with faster declines in SDMT scores, though this association was

marginally significant. Bothassociationswere independentof age, race,

education, smoking status, alcohol drinking, menopausal status, and

depressive symptoms.

Our finding that lower Aβ42/40 ratios were associated with more

rapid declines in DSB scores is in line with findings from other stud-

ies, though investigations specifically targeting midlife populations

remain scarce. Specifically, a study from the Wisconsin Registry for

Alzheimer’s Prevention (WRAP) with 184 cognitively healthy partic-

ipants in late middle age (mean age = 60) reported that higher Aβ
levels, asmeasured by PET scans, were associatedwith greater rates of

decline in delayed memory and executive functioning. Notably, similar

to our results, theWRAP study did not observe significant associations

in their cross-sectional analysis at baseline, strengthening the value

of longitudinal studies in this domain.17,18 Additionally, our results

also align with several studies that have examined the associations

of blood-based Aβ with cognitive functions, cognitive impairment,

and dementia, although primarily in older populations. For instance,

lower plasma Aβ42/40 ratios were associated with more pronounced

declines of Mini-Mental State Examination scores and composite

cognitive scores among 483 older adults aged 70 or older, followed

over a median of 3.9 years in the Multidomain Alzheimer Preventive
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Trial.7 Another longitudinal study of 563 elderly cognitively normal

volunteers, with a median age of 78 years, showed that participants

with lower plasma Aβ42/40 ratios had significantly greater risk of mild

cognitive impairment (MCI) or AD over a median follow-up period of

3.7 years.8 The Health ABC Study of 997 older adults (mean age 74.0

years) found that lower plasma Aβ42/40 ratios were associated with

greater 9-year cognitive declines, particularly among those with low

cognitive reserve.9 Most recently, the Atherosclerosis Risk in Commu-

nities cohort study found that higher midlife plasma Aβ42/40 ratios

were associated with a 37% lower risk of MCI/dementia among 2284

participants aged around 59.2 years at baseline over a 9-year follow-

up.10 These findings collectively suggest that the blood Aβ42/40
ratio might reflect underlying brain pathologies occurring prior to

manifestation of cognitive impairment features. Our study is one of

the first to demonstrate a possibly prospective association between

the blood Aβ42/40 ratio and cognitive decline among midlife women.

Our findings from this 14-year longitudinal study involving a cohort

of midlife women with a median age of 53.3 years at baseline highlight

the potential utility of blood Aβ42/40 as an early predictor of cognitive
impairments. It is also important to note that our finding was not sig-

nificant after adjustment for multiple comparisons. This highlights the

need for further research with large samples to confirm these findings.

Our results suggest a potential link between elevated serum p-

tau181 concentrations and faster declines in SDMT scores, though

this association is only marginally statistically significant. A few stud-

ies have examined this association in midlife. For example, a study

of 209 cognitively normal middle-aged to older participants (mean

age= 60.5) from the Adult Children Study reported that CSF p-tau181

was associated with a faster rate of decline in global cognition.19

Another investigation of 167 initially cognitively unimpaired partici-

pants from the WRAP study in late middle age found that those with

tau pathophysiology, as determined by PET scans, exhibited acceler-

ated decline in retrospective cognition compared to those without

elevated biomarkers.20 In populations with older ages or elevated

risks of dementia, associations between p-tau181 concentrations and

cognitive decline have been more extensively documented. In a cross-

sectional study of 451 participants at various stages of cognitive

decline, higher serum p-tau181 concentrations were negatively cor-

related with global cognition.21 This correlation was strongest among

participants with Clinical Dementia Rating scores of 1 or more. A

retrospective study involving 404 participants from three indepen-

dent cohorts, and a cross-sectional analysis of 243 participants, found

that elevated plasma p-tau181 concentrations were associated with

poorer performance across multiple cognitive assessments in AD/MCI

patients, particularly those who were Aβ positive.22,23 Blood p-tau181
concentrationsmay begin to increase decades before the deposition of

tau aggregates and onset of AD clinical features.24 A recent longitudi-

nal study of 185 participants (mean age = 73.3) from the Alzheimer’s

DiseaseNeuroimaging Initiative reported that higher plasma p-tau181

concentrations were associated with decreased global cognition, exec-

utive function, memory, language, and visuospatial functioning in

prodromalAD.6 Future studies focusing onmid- to late-life populations

are warranted to verify our results and assess the potential of blood p-

tau181 as a predictive marker for early-stage cognitive decline, even

among individuals with normal cognition.

The main strength of our study lies in its utilization of a longitu-

dinal cohort of midlife women, followed for up to 14 years. To the

best of our knowledge, this is the first investigation into the relation-

ships between midlife blood-based AD biomarkers and longitudinal

changes in cognitive function with follow-up over a decade. Repeated

assessments of cognitive function also permitted some assessments

of the temporal relations of AD biomarkers and cognitive changes.

Our study’s sample size, drawn from the SWANMichigan Cohort, con-

strained our statistical power to detect more potential associations.

The SWAN Michigan Cohort, by design, did not include men and was

limited to Black and White participants, restricting the generalizabil-

ity of our findings. Future research involving larger and more diverse

populations in midlife is necessary to extend and validate our findings.

Additionally, ADbiomarkerswere onlymeasured at baseline in the cur-

rent study. It is possible that changes in AD biomarkers, in addition to

baseline values, are associated with accelerated cognitive declines.25

We encourage future studies to include repeatedmeasurements of AD

biomarkers to investigate this hypothesis. Lastly, despite adjusting for

numerous known confounders, we were unable to eliminate potential

residual confounding, particularly related to APOE4 genotypes,26 due

to the lack of available data. In future studies, we will extract DNA

from plasma for reliable APOE genotyping, which would help account

for potential residual confounding and offer additional insights into

gene–environment interactions.

In conclusion, our study suggests that serumADbiomarkers, specif-

ically lower Aβ42/40 ratios and higher p-tau181 levels, could be

potentially associated with faster cognitive declines from mid- to late

life in women. These findings suggest that midlife blood AD biomarker

assessmentsmay serve as early predictors of cognitivedecline, offering

an opportunity for early detection and prevention before develop-

ment of irreversible dementia. Future studies with larger sample sizes

and more diverse populations are needed to validate and extend our

findings, and further work is needed to translate these biomarkers

into practical clinical and public health applications for prediction of

cognitive decline and dementia prevention.
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