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Abstract
BACKGROUND: Abnormal tau proteins are independent 
contributors to cognitive impairment. Nevertheless, not all 
individuals exposed to high-level tau pathology will develop 
cognitive dysfunction. We aimed to construct a model to predict 
cognitive trajectory for this high-risk population.
METHOD: Longitudinal data of 181 non-demented adults 
(mean age= 73.1; female= 45%), who were determined to have 
high cerebral burden of abnormal tau by cerebrospinal fluid 
(CSF) measurements of phosphorylated tau (ptau181) or total 
tau, were derived from the Alzheimer’s Disease Neuroimaging 
Initiative (ADNI) database. Cognitive decline was defined as 
Mini-Mental State Examination scores decline ≥ 3 over three 
years. A predictive nomogram was constructed using stepwise 
backward regression method. The discrimination, calibration, 
and clinical usefulness of the nomogram were evaluated. The 
model was validated in another 189 non-demented adults via a 
cross-sectional set (n=149, mean age = 73.9, female = 51%) and 
a longitudinal set (n= 40, mean age = 75, female = 48%). Finally, 
the relationships of the calculated risk scores with cognitive 
decline and risk of Alzheimer’s disease were examined during 
an extended 8-year follow-up.
RESULT: Lower volume of hippocampus (odds ratio [OR] = 
0.37, p< 0.001), lower levels of CSF sTREM2 (OR = 0.76, p = 
0.003), higher scores of Alzheimer’s Disease Assessment Scale-
Cognitive (OR = 1.15, p = 0.001) and Functional Activities 
Questionnaire (OR = 1.16, p = 0.016), and number of APOE 
ε4 (OR = 1.88, p = 0.039) were associated with higher risk of 
cognitive decline independent of the amyloid status and were 
included in the final model. The nomogram had an area of 
under curve (AUC) value of 0.91 for training set, 0.93 for cross-
sectional validation set, and 0.91 for longitudinal validation set. 
Over the 8-year follow-up, the high-risk group exhibited faster 
cognitive decline (p< 0.001) and a higher risk of developing 
Alzheimer’s dementia (HR= 6.21, 95% CI= 3.61-10.66, p< 0.001 ). 
CONCLUSION: APOE ε4 status, brain reserve capability, 
neuroinflammatory marker, and neuropsychological scores can 
help predict cognitive decline in non-demented adults with 
high burden of tau pathology, independent of the presence of 
amyloid pathology.

Key words: Tau, predict, nomogram, cognitive decline, Alzheimer’s 
disease. 

Introduction

Tau is a critical protein functionally responsible 
for stabilizing microtubules and maintaining 
neuronal function and cognitive health (1). 

Under pathological conditions, the abnormal misfolding 
and aggregation of tau proteins will damage the normal 
functions of microtubules and lead to neuronal loss and 
neurodegeneration, such as Alzheimer’s disease (2). Tau 
proteins in cerebrospinal fluid have been used to reflect 
the cerebral burden of abnormal tau proteins and assist 
in disease diagnosis. For example, CSF phosphorylated 
tau (p-tau181, T) and total tau (t-tau, N) proteins are 
important components of A/T/N research framework 
to define AD biological continuum along with amyloid 
pathology marker (A) (3, 4). Recently, lines of evidences 
are increasingly strengthening the roles of abnormal 
tau proteins in contributing to cognitive decline 
independent of amyloid pathology. A recent longitudinal 
study indicated that early neocortical tau accumulation 
partially mediated the interactive association of vascular 
risk factors and Aβ on cognitive decline (5). A cohort 
study verified that tau accumulated in medial temporal 
region was associated with declined memory without 
Aβ (6). Moreover, another cohort study demonstrated 
that tau deposition was associated with reduced cortical 
volumes and thickness of temporal and parietal regions 
independently of Aβ (7).   

Interestingly, some autopsy studies found that high 
levels of neurofibrillary tangles were found in the 
brains of elder subjects who were cognitively normal 
during their lifetime (8-11). A possible explanation is 
that the detrimental impact of tau burden on cognitive 
impairments might be offset by certain factors (12, 13). 
Identifying these factors could help cognitive prognosis 
prediction and risk stratification, but also promote the 
precise development of disease-modifying treatment 
for this specific high-risk population (14). Therefore, the 
present study is aimed 1) to screen the factors associated 
with better cognitive trajectory for individuals who are 
free of dementia but living with high burden of cerebral 
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tau proteins and 2) to construct a model for prognosis 
prediction and risk stratification.

Method 

Participants and outcomes

The data of our study were acquired from the 
Alzheimer’s Disease Neuroimaging Initiative (ADNI) 
cohort (http://adni.loni.usc.edu), which recruited 
volunteers from multiple centers across North America. 
The participants were older adults aged 55-90 years, 
consisting of normal cognition (NC), mild cognitive 
impairment (MCI), or AD dementia. The ADNI collected 
a comprehensive range of information from the 
participants, including demographics, lifestyle factors, 
clinical data, neuroimaging scans, biological markers, and 
neuropsychological assessments. Our study focused on 
the non-demented participants at enrollment, was based 
on the diagnostic criteria established by the National 
Institute of Neurological and Communicative Disorders 
and Stroke and the Alzheimer’s Disease and Related 
Disorders Association (NINDS-ADRDA).

In our study, we used the 2018 NIA-AA “research 
framework” 3 to describe the biomarker profile of each 
participant: (i) aggregated Aβ (A) was defined by CSF 
Aβ1-42; (ii) neurofibrillary tangles (T) was defined by CSF 
p-tau181; and (iii) neurodegeneration (N) was defined 
by CSF t-tau. We divided each biomarker into positive 
(+, abnormal) and negative (-, normal) groups based on 
their established cut-offs 15. CSF Aβ1-42 < 976.6 pg/ml, 
CSF p-tau181 > 21.8 pg/ml and CSF t-tau > 245 pg/ml 
were defined as A+, T+ and N+, respectively. Notably, the 
scatter plot showed CSF p-tau had a strong correlation 
with CSF t-tau (p < 0.001, r = 0.97; Supplementary Figure 
1) and we merged these groups to simplify groups as 
Suárez-Calvet et al described 16. If either aggregated tau 
(T) or neurodegeneration (N) was abnormal (T+ or N+), 
participants were classified as abnormal T/N (T/N+).

Among 620 T/N+ non-demented participants, a total 
of 181 participants (mean age= 73.1; female= 45%) were 
assigned to the training set to construct a nomogram 
for predicting cognitive decline. Forty (mean age= 75.0; 
female= 48%) and 149 (mean age= 73.9; female= 51%) 
participants were assigned to the longitudinal and cross-
sectional validation sets, respectively. The individuals 
of the training set provided data of all candidate factors 
at baseline and an MMSE score during the three-year 
follow-up. The change in the MMSE score was used 
to define cognitive decline (≥3) and stable cognitive 
performance (<3). The process of constructing and 
validating the nomogram were described in Figure 1.

Candidate predictors at baseline

The following 41 candidate predictors were collected, 
including demographics (5 variables), lifestyle exposures 

(4 variables), clinical features (14 variables), neuroimaging 
characteristics (5 variables), CSF neurodegenerative 
biomarker (5 variables), and neuropsychological 
assessment (8 variables). These variables were selected 
because they were predictors associated with cognitive 
decline or dementia (4, 17).

Demographics

The demographics included age, gender, education, 
marital status, and APOE ε4 status. Education was 
defined as schooling years. The marital status was 
described as living alone versus married or living with 
a partner. Rs7412 and rs429358 were used to define the 
APOE ε2/ε3/ε4 isoforms 18. The number of ε4 alleles 
(ε2/ε2, ε2/ε3, or ε3ε3= 0, ε2/ε4 or ε3/ε4= 1, ε4/ε4= 2) 
was used to describe APOE ε4 status.

Lifestyle exposures

The lifestyle exposures included obesity, smoking habit 
and drinking habit. Obesity (yes or no) was defined as 
body mass index ≥ 28 kg/m2. Smoking and drinking 

Figure 1. Flow chart showing the process of nomogram 
construction and validation
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habits were classified either as “yes” (current users) or 
“no” (never users).

Clinical features

The clinical features included self-reported medical 
history of hypertension, coronary heart disease (CHD), 
stroke, hyperlipidemia, diabetes, cancer, depression, 
anxiety, and hearing loss, as well as systolic blood 
pressure (SBP), diastolic blood pressure (DBP), pulse 
pressure (PP) and mean arterial pressure (MAP). All 
the features were collected by certificated medical 
professionals using a standardized ADNI protocol.

Neuroimaging features

The volume of brain region was measured by the 3D 
T1-weighted volumetric imaging. The voxel dimensions 
were roughly 1 cubic millimeter, with no single direction 
exceeding 1.5 mm19. Herein, we chose the whole brain, 
bilateral hippocampus, entorhinal region, middle 
temporal region, and intracranial volume as regions of 
interest. White matter hyperintensities (WMH) volume 
were acquired by 3D T1-weighted and T2FLAIR images. 
The details for MRI acquisition and image processing can 
be found in prior publications (20, 21).

CSF neurodegenerative biomarkers

The CSF samples were collected in the morning after 
an overnight fast and delivered to ADNI Biomarker Core 
laboratory at the University of Pennsylvania Medical 
Center, which storing these samples at −80 °C. The 
detailed procedures for measuring the CSF Aβ1-42, t-tau, 
p-tau181 sTREM2 and PGRN have been described as 
previous (16, 22).

The levels of CSF Aβ1-42, t-tau, and p-tau181 were 
measured at the multiplex xMAP platform using 
immunoassay kit-based reagents. The kits were consisted 
of monoclonal antibodies 4D7A3, AT120 and AT270 
to capture Aβ1-42, t-tau and p-tau181. CSF PGRN 
was quantified through an ELISA protocol, involving 
a Streptavidin-coated 96-well plate, a biotinylated 
polyclonal goat anti-human PGRN capture antibody, a 
monoclonal mouse anti-human PGRN detection antibody, 
and a SULFO-TAG-labelled goat polyclonal anti-mouse 
IgG secondary antibody. CSF sTREM2 was assessed using 
a similar ELISA protocol, comprising a Streptavidin-
coated 96-well plate, a biotinylated polyclonal goat IgG 
anti-human TREM2 antibody as the capture antibody, a 
monoclonal mouse IgG anti-human TREM2 antibody as 
the detection antibody, and a SULFO-TAG-labelled goat 
polyclonal anti-mouse IgG secondary antibody.

Neuropsychological assessments

Cognitive performance and functional performance 
were  measured us ing  e ight  commonly  used 
neuropsychological scales, including Mini-Mental 
State Examination (MMSE) (23), Alzheimer’s Disease 
Assessment Scale-Cognition (ADAS-Cog) (24), Rey 
Auditory Verbal Learning Test (RAVLT) immediate 
and forgetting (25), Trail Making Test (A and B) (26), 
Functional Activities Questionnaire (FAQ) (27) and 
Geriatric Depression Scale (GDS) (28).

Cognitive measurements 

The roles of risk scores in predicting changes of ADAS-
Cog, memory (29) (MEM), executive functions (30) (EF), 
and AD occurrence during eight years were further 
tested. MEM and EF were composite scores calculated 
using psychometrically optimized approaches with items 
from ADNI neuropsychological assessments. In brief, 
the EF score were calculated by Trail Making Test (A and 
B), digit span backward, digit symbol, animal naming, 
vegetable naming, and the clock drawing test. The MEM 
score were calculated by the RAVLT, the ADAS-Cog, the 
MMSE, and the Logical Memory test. AD was diagnosed 
by certificated medical professionals according to the 
National Institute of Neurological and Communicative 
Disorders and Stroke-Alzheimer’s Disease and Related 
Disorders Association criteria for probable AD (31).

Statistical analyses

Descriptive statistics about population characteristics 
were presented as proportions (for categorical variables) 
or mean with standardized deviation (SD) (for continuous 
variables). Differences between groups were compared 
by Pearson chi-squared test or independent samples 
t-test. To primarily screen the predictors, univariate 
and multivariate logistic regression analyses were 
separately conducted to calculate the odds ratio (OR) 
and the corresponding 95% confidence interval (CI), after 
adjusting for amyloid status, gender, age, WMH, and 
clinical diagnosis at baseline.

Next, we performed univariate screening using 
the stepwise backward regression to determine the 
best combination of predictive factors (p< 0.05) for 
constructing the nomogram. The stepwise backward 
regression was used to select variables for inclusion in 
the nomogram based on the Akaike information criterion 
(AIC) minimum (32). The nomogram was constructed 
based on the scaling of regression coefficient in the 
multivariate logistic regression. The effect of the variable 
with the highest β coefficient (absolute value) was 
assigned a score of 100 points. The points were added 
across independent variables to derive total points, which 
were converted to predicted probabilities of cognitive 
decline (33).
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Table 1. Candidate variables of the training cohort
Variables Total (n = 181) Cognitive stable (n = 94) Cognitive decline (n = 87) p-value
1. Demographics
Age, years, mean ± SD 73.06 ± 7.09 72.68 ± 6.98 73.47 ± 7.22 0.441
Female, n (%) 82 (45) 42 (45) 40 (46) 0.861
Education, years 16.33 ± 2.73 16.48 ± 2.76 16.17 ± 2.78 0.863
Cohabitation status, n (%)
  Living alone 36 (20) 23 (24) 13 (15) 0.109
  Married or living with partner 145 (80) 71 (76) 74 (85)
APOEε4 alleles (n = 0, 1, 2) 0.72 ± 0.73 0.51 ± 0.65 0.94 ± 0.74 <0.001
2. Lifestyle
Obesity 48 (27) 32 (34) 16 (18) 0.017
Current smoker, n (%) 76 (42) 41 (44) 35 (40) 0.645
Current drinker, n (%) 5 (3) 2 (2) 3 (3) 0.588
3. Clinical features
Hypertension, n (%) 83 (46) 39 (41) 44 (51) 0.220
Blood pressure (mmHg)
SBP 133 ± 15.25 132.9 ± 14.03 133.1 ± 16.54 0.997
DBP 73.78 ± 9.76 73.86 ± 9.36 73.69 ± 10.24 0.837
PP 59.19 ± 14.02 59.01 ± 13.88 59.39 ± 14.25 0.756
MAP 93.51 ± 9.87 93.53 ± 9.01 93.49 ± 10.77 0.945
CHD, n (%) 19 (10) 9 (10) 10 (11) 0.674
Stroke, n (%) 11 (6) 5 (5) 6 (7) 0.657
Hyperlipidemia, n (%) 86 (48) 43 (46) 43 (49) 0.620
Diabetes, n (%) 16 (9) 6 (6) 10 (11) 0.226
Cancer, n (%) 20 (11) 10 (11) 10 (11) 0.854
Depression, n (%) 34 (19) 14 (15) 20 (23) 0.164
Anxiety, n (%) 10 (6) 4 (4) 6 (7) 0.437
Hearing loss, n (%) 36 (20) 21 (22) 15 (17) 0.391
4. Imaging characteristics (cm3)
Total brain volume 1040.30 ± 114.17 1065.40 ± 105.08 1013.10 ± 117.91 0.001
Hippocampus volume 6.76 ± 1.12 7.30 ± 1.03 6.17 ± 0.90 <0.001
Entorhinal volume 3.51 ± 0.74 3.73 ± 0.67 3.27 ± 0.74 <0.001
Mid-temporal volume 19.74 ± 2.83 20.75 ± 2.60 18.65 ± 2.67 <0.001
WMH volume 4.62 ± 8.20 3.64 ± 8.59 5.68 ± 7.68 0.005
5. CSF biomarkers  
Aβ1-42 (ng/ml) 1.05 ± 0.64 1.28 ± 0.69 0.79 ± 0.47 <0.001
P-tau181 (pg/ml) 0.03 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 0.002
T-tau (pg/ml) 0.35 ± 0.11 0.33 ± 0.10 0.37 ± 0.11 0.006
PGRN (ng/ml) 1.61 ± 0.44 1.62 ± 0.33 1.59 ± 0.53 0.106
STREM2 (ng/ml) 4.72 ± 2.30 5.21 ± 2.58 4.19 ± 1.83 0.002
6. Neuropsychological assessment
MMSE (point) 27.81 ± 1.81 28.20 ± 1.63 27.38 ± 1.91 0.003
ADAS-cog (point) 15.82 ± 7.29 11.82 ± 5.24 20.13 ± 6.73 <0.001
RAVLT-immediate (point) 35.07 ±10.26 39.71 ± 9.39 30.06 ± 8.70 <0.001
RAVLT-forgetting (point) 5 ± 2.38 4.51 ± 2.64 5.53 ± 1.94 0.003
Trail Making Tests A (second) 39.57 ± 18.73 35.93 ± 16.30 43.51 ± 20.41 0.001
Trail Making Tests B (second) 106 ± 60.45 89.63 ± 47.65 123.8 ± 67.68 <0.001
FAQ (point) 3.11 ± 4.40 1.48 ± 2.83 4.87 ± 5.08 <0.001
GDS (point) 1.45 ± 1.35 1.40 ± 1.36 1.49 ± 1.34 0.542
Abbreviations: APOE = Apolipoprotein E; SBP = Systolic Blood Pressure; DBP = Diastolic Blood Pressure; PP = Pulse Pressure; MAP = Mean Arterial Pressure; CHD = 
Coronary Heart Disease; GFR = Glomerular Filtration Rate; WMH = White Matter Hyperintensities; CSF = Cerebrospinal fluid; PGRN = Progranulin; sTREM2 = soluble 
triggering receptor expressed on myeloid cells 2; MMSE = Mini-Mental State Examination; ADAS-Cog = Alzheimer’s Disease Assessment Scale-Cognition; RAVLT = Rey 
Auditory Verbal Learning Test; FAQ = Functional Activities Questionnaire; GDS = Geriatric Depression Scale.
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To evaluate the performance of the nomogram, we 
assessed discrimination, calibration, and clinical utility 
(34). The area under the curve (AUC) was calculated 
by the receiver operating characteristic curve (ROC) to 
assess the discriminatory ability of the nomogram model. 
The AUC ranged from 0.5 to 1.0, where a value of 0.5 
indicated no discriminatory power, while a value of 1.0 
indicated optimal separation (35). The Bootstrap method 
was used for internal validation of the calibration. 
The consistency of the model was evaluated using the 
Hosmer-Lemeshow test with a p-value > 0.05 considered 
good predictive conformity of the model. Decision curve 
analysis (DCA) was used to assess the predictive value 
and clinical utility of the model (36).

Finally, we examined the values of the constructed risk 
scores in predicting long-term risk of cognitive decline 
and developing AD among T/N+ population. The risk 
scores for each subject were calculated according to 
the nomogram. Participants were categorized into two 
groups (high-risk and low-risk) using the best cutoff 
value in ROC curve by maximizing Youden’s index (ie, 
sensitivity+specificity-1). Linear mixed-effects (LME) 
regression models can handle unbalanced value, censored 
data and continuous variables for time (37). Regression 
diagnostics were conducted and outliers were excluded 
to indicate that all models met the necessary assumptions: 
model residuals were normally distributed and did not 
exhibit heteroscedasticity. The LME regression models 
were used to examine the longitudinal relationship of 
risk score group with changes in ADAS-Cog, MEM and 
EF scores during 8-year follow-up, after adjusting for 
age, gender, education level, and baseline cognitive 
diagnosis. The cumulative incidence curve for each group 
was measured using the Kaplan–Meier method. With 
the proportional hazards assumption tested, the time-
dependent Cox proportional hazards regression models 
were used to assess whether the high-score group was 
associated with a higher risk of incident AD compared to 
the low-score group.

All statistical analyses were performed using the 
statistical software package R, version 4.2.1 (https://
cran.r-project.org). The packages of R used included 
“rms”, “foreign”, “reader”, “ResourceSelection”, “readr”, 
“lme4”, “lmerTest”, “arm”, “nlme”, “survival”, “ggplot2”, 
“ggpubr”, “magrittr”, and “survminer”.

Data statement

The data that support this study are available from the 
corresponding author.

Results

Characteristics of participants

The characteristics of demographics, lifestyle, 
clinical features, imaging, CSF biomarkers, and 

neuropsychological assessment for training set were 
summarized in Table 1. The corresponding characteristics 
of factors included in the nomogram for two validation 
sets were described in Supplementary table 1.

Predictors of cognitive decline in T/N+ 
population

The detailed results of univariable logistic regression 
were presented in the Supplementary table 2. After 
adjusting for A status, gender, age, WMH volume, 
and baseline diagnosis, ten factors were significantly 
associated with risk of cognitive decline in non-demented 
adults with T/N+ profile, including APOE ε4 status [odds 
ratio (OR): 1.81, 95% CI: 1.08-3.09], FAQ score (OR: 1.26, 
95% CI: 1.13-1.43), ADAS-Cog score (OR: 1.23, 95% CI: 
1.15-1.33), Trail Making Test B score (OR: 1.01, 95% CI: 
1.00-1.01), total brain volume (OR: 0.99, 95% CI: 0.98-
0.99), RAVLT-immediate score (OR: 0.89, 95% CI: 0.84-
0.93), CSF levels of sTREM2 (OR: 0.81, 95% CI: 0.69-0.95) 
and volumes of middle temporal region (OR: 0.66, 95% 
CI: 0.55-0.79), entorhinal region (OR: 0.40, 95% CI: 0.22-
0.68), and hippocampus (OR: 0.28, 95% CI: 0.17-0.45). 
(Supplementary table 3)

A total of five variables including APOE ε4 alleles, hippocampus volume, 
CSF sTREM2, ADAS-Cog score, and FAQ score were included to construct the 
nomogram with the minimum AIC.

Nomogram construction and validation

APOE ε4 alleles,  hippocampus volume, CSF 
sTREM2, ADAS-Cog, and FAQ were finally included 
to construct the nomogram (Figure 2). The nomogram 
exhibited excellent AUC of 0.91 (95% CI: 0.86-0.95). The 
H-L test of calibration curve (p=0.41) indicated adequate 
agreement between the predictive nomogram and 
the actual observations (Figure 3). The good ability of 
discrimination and calibration of the nomogram was 
also demonstrated in the cross-sectional (AUC: 0.93, 95% 
CI: 0.88-0.97; H-L test, p = 0.09) and longitudinal (AUC: 
0.91, 95% CI: 0.82-1.00; H-L test, p = 0.62) validation sets 
(Figure 3). To further evaluate the clinical utility of the 
nomogram, decision curve analysis (DCA) curves were 

Figure 2. Nomogram which predicts the probabilities of 
cognitive decline for T/N+ non-demented population
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Figure 3. Performances the nomogram in training and validation sets

ROC curve (A), calibration curve (B), and decision curve (C) in training set; ROC curve (D), calibration curve (E), and decision curve (F) in cross-sectional validation set; 
ROC curve (G), calibration curve (H), and decision curve (I) in longitudinal validation set. Area under the receiver operating characteristic (ROC) curve indicated the dis-
crimination ability of the nomogram and single factors included in the nomogram. In the calibration curves, X-axis is nomogram-predicted probability of cognitive decline. 
Y-axis is observed probability of cognitive decline, and the diagonal dashed line indicates the ideal prediction by a perfect model. In the decision curves, the grey reflects 
represents the net benefit assuming that all patients have cognitive decline; the black line reflects the net benefit assuming no patients have cognitive decline; and the blue 
line is expected net benefit of each patient based on the predictive nomogram. Abbreviations: FAQ: Functional Activities Questionnaire; ADAS-Cog: Alzheimer’s Disease 
Assessment Scale-Cognition; CSF sTREM2: Cerebrospinal fluid soluble triggering receptor expressed on myeloid cells 2.

Figure 4. Roles of risk stratification by nomogram in predicting cognitive decline and incident risk of Alzheimer’s 
disease during eight-year period among T/N+ non-demented population

ADAS-Cog: Alzheimer’s Disease Assessment Scale-Cognition; MEM: Memory; EF: Executive function.
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plotted. Consistently, DCA curves also displayed a good 
applicability of nomogram (Figure 3).

Risk score predicts long-term risk of cognitive 
decline and incident AD

A total of 370 T/N+ subjects at baseline were divided 
into high-risk (57.6%) group and low-risk (42.4%) group 
using the cutoff value of 176.65 based on ROC curve. 
The high-risk group exhibited significantly faster decline 
in the general cognition (p < 0.001, Figure 4A), memory 
function (p < 0.001, Figure 4B), and executive functions 
(p < 0.001, Figure 4C). Compared to the low-risk group, 
higher scores were significantly associated with elevated 
risk of Alzheimer’s dementia (HR= 6.21, 95% CI= 3.61-
10.66, p< 0.001) (Figure 4D).

Discussion

To the best of our knowledge, our study is the first 
to construct a predictive model for cognitive decline 
among T/N+ non-demented adults. A total of ten risk 
factors were associated with the risk of cognitive decline 
independent of A status. The nomogram comprised 
five variables, including hippocampus volume, APOE 
ε4 status, ADAS-Cog score, FAQ score, and CSF 
sTREM2 levels. The nomogram demonstrated excellent 
discrimination, calibration, and clinical utility in both 
training and validation cohorts. Moreover, the nomogram 
generates risk scores which could help predict long-term 
cognitive trajectory and AD dementia incidence for T/
N+ non-demented adults. As for clinical utility, these 
findings can not only help identify high-risk group and 
predict cognitive prognosis, but also provide new insights 
into the potential mechanisms for tau pathology-related 
cognitive impairments.

In the predicting model, FAQ and ADAS-Cog 
are simple questionnaires that do not require lumbar 
puncture, MRI, or genetic testing. They represent the 
global cognitive function and complex cognitive functions 
involved in social activities. Compared with other factors 
(such as CSF sTREM2 and hippocampus volume), they 
can be easily obtained. Future studies are expected to 
develop new models incorporating more variables which 
can be easily accessible and cost-effective.

Brain reserve capability played an important role in 
influencing cognitive trajectory for subjects with high 
burden of tau pathology. In our study, we found that the 
larger volume of hippocampal region was associated 
with cognitive stability in the presence of tau pathology. 
As acknowledged by previous researches, hippocampus 
is a crucial brain structure involved in cognitive 
processes, especially memory formation and retrieval. 
The pathological changes of tau proteins lead to a 
continuous loss of neurons in the hippocampus and other 
important brain regions (38, 39). According to the brain 
reserve theory, a larger volume indicates larger reserve of 
neurons, enhanced resilience to pathology (eg., abnormal 
tau proteins), and increased cognitive stability. It is 
noteworthy that cognitive reserve (CR) is another concept 
that help explicate the gap between pathology level and 
cognitive status (40). However, our study did not find 
significant difference for CR proxy such as educational 
years, possibly because most participants had a high 
level of education. Future studies should test the roles 
of CR-related exposures (e.g, education and cognitive 
stimulating activity) in resisting detrimental effects of 
abnormal tau proteins on cognitive impairments.

sTREM2, formed through the release of the 
extracellular domain of TREM2 under protease 
action, is mainly expressed in microglia in the brain 
41. Our study demonstrated that CSF sTREM2 was 

Table 2. Factors associated with cognitive decline in univariable and stepwise multivariable logistic regression analyses 
for training set
Variables Stepwise multivariable model Selected factors in the final model

β OR (95%CI) p-value β OR (95%CI) p-value

Marital status (living alone vs living with a partner) 0.90 2.46 (0.75-8.53) 0.144 - - -
APOE ε4 alleles (0, 1, 2) 0.80 2.23 (1.18-4.36) 0.015 0.63 1.88 (1.04-3.49) 0.039
Brain volume (cm³)
  Hippocampus -1.02 0.36 (0.18-0.65) 0.001 -0.99 0.37 (0.22-0.60) <0.001 
  Mid-temporal -0.15 0.86 (0.70-1.05) 0.151 - - -
CSF sTREM2 (ng/ml) -0.34 0.71 (0.56-0.86) 0.001 -0.28 0.76 (0.62-0.90) 0.003
MMSE (point) 0.01 1.34 (1.00-1.84) 0.059 - - -
ADAS-Cog (point) 0.15 1.16 (1.06-1.27) 0.001 0.14 1.15 (1.07-1.25) <0.001
Trail Making Test B (second) 0.01 1.01 (1.00-1.02) 0.041 - - -
FAQ (point) 0.14 1.15 (1.02-1.32) 0.034 0.15 1.16 (1.03-1.31) 0.016
Abbreviations: APOE = Apolipoprotein E; CSF sTREM2 = Cerebrospinal fluid Soluble Triggering Receptor Expressed On Myeloid Cells 2; MMSE = Mini-Mental State 
Examination; ADAS-Cog = Alzheimer’s Disease Assessment Scale-Cognition; RAVLT = Rey Auditory Verbal Learning Test; FAQ = Functional Activities Questionnaire.
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significantly associated with cognitive decline in T/
N+ individuals. Consistently, Zhang et al. found that a 
receptor of sTREM2 expressed on neurons can decrease 
tau phosphorylation and aggregation. Moreover, they 
prove an active peptide of sTREM2 that rescues cognitive 
defects in the tau P301S transgenic mice (42). The 
association between cognitive stability and higher levels 
of CSF sTREM2 in the presence of tau pathology could 
be explained by the neuroinflammatory mechanism. 
Higher levels of CSF sTREM2 correspond with active 
microglial state, which can inhibit Aβ polymerization, 
prevent the progression of tau pathology, and surround 
plaques and fibrils to create a physical barrier obstructing 
their spreading and toxicity. These findings reinforced the 
critical roles of cerebral immune response in regulating 
tau-related homeostasis imbalance.

Our results also demonstrated that APOE ε4 is 
another independent predictor for cognitive prognosis 
in the presence of tau pathology. As the most significant 
genetic risk factor of sporadic Alzheimer ’s disease, 
apoE4 act via multiple pathways, such as provoking 
neuroinflammation, impairing cerebrovasculature and 
blood-brain barrier, and exacerbating amyloid and 
tau pathologies (43, 44). To promote the application 
in clinical utility, future studies should explore the 
potential influences of disclosing individual’s apoe4 
genotype information on their emotional burden or 
neuropsychological performances.

Based on this primary predictive model, early risk 
stratification and prognosis prediction for cognitive 
trajectory among T/N+ population could be feasible in 
clinical practice. Firstly, the AUC of the training set is 0.91. 
For individuals with different cognitive scores, our model 
can not only show the possibility of cognitive decline, but 
also indicate the trend of long-term cognitive function 
change and the risk of AD occurrence. Secondly, the DCA 
showed that using the prediction nomogram to predict 
cognitive decline of TN+ non-demented patients adds 
more benefit than either the treat-all-patients schedule 
or the treat-none schedule. Finally, a randomized clinical 
trial proved the feasibility of tau pathologically targets 
antisense oligonucleotides therapy (45). Our nomogram 
can be used to screen out people with high-risk scores, 
which can help us to adopt early intervention measures to 
slow cognitive decline in the future.

Nonetheless, it should be acknowledged it is too early 
to employ this model in clinical practice due to multiple 
limitations. First, the sample size and the generalizability 
of the cohort in our study is limited. Although ADNI is a 
multicenter study, most of the participants are relatively 
highly educated volunteers. The nomogram needs to be 
validated in larger community-based cohorts to lower 
the risk of chance findings. In addition, some categorical 
variables were not included, such as social activity and 
physical exercise, which could increase cognitive reserve 
and reduce cognitive decline. Moreover, the model 
requires the patient to undergo a lumbar puncture to 

obtain CSF, which is invasive and may narrow down the 
scope of use.

Conclusion

Our study revealed predictors for cognitive decline in 
non-demented adults with high burden of cerebral tau 
proteins. The nomogram is comprised of hippocampus 
volume, APOE ε4,  ADAS-Cog, FAQ, and CSF 
sTREM2, which highlighted the importance of baseline 
performance, reserve capability, and immune activity in 
protecting cognition from tau pathology. Larger studies 
are required to validate and expand its clinical utility, 
possibly by incorporating more easily accessible and cost-
effective variables. 

# The data used in preparation for this article were obtained from the 
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.
edu). As such, the investigators within the ADNI contributed to the design and 
implementation of ADNI and/or provided data but did not participate in the 
analysis or writing of this report. A complete listing of ADNI investigators can be 
found at: http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_
Acknowledgement_List.pdf

Ethics approval and consent to participate: The ADNI was approved by the 
institutional review boards of all participating centers, and written informed 
consent was obtained from all participants or authorized representatives according 
to the 1975 Declaration of Helsinki.

Consent for publication: Not applicable.

Availability of data and materials: All data are available upon reasonable request 
or can be obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) 
database (adni.loni.usc.edu).

Competing interests: The authors declare that they have no competing interests.

Funding: This study was supported by grants from the Taishan Scholar Project.

Authors’ contributions: Prof. W X: conceptualization and design of the study, 
revision of the manuscript. H-S W: analysis of data, drafting and revision of the 
manuscript, and prepared all the figures. Q-Q S, C-C T and L T: revision of the 
manuscript.

Acknowledgements: The authors thank contributors, including the staff at 
Alzheimer’s Disease Centers who collected samples used in this study, patients, 
and their families whose help and participation made this work possible. 
Data collection and sharing for this project were funded by the Alzheimer’s 
Disease Neuroimaging Initiative (ADNI) (National Institutes of Health Grant 
U01 AG024904) and DOD ADNI (Department of Defense award number 
W81XWH-12-2-0012). ADNI is funded by the National Institute on Aging, the 
National Institute of Biomedical Imaging and Bioengineering, and through 
generous contributions from the following: AbbVie, Alzheimer’s Association; 
Alzheimer’s Drug Discovery Foundation; Araclon Biotech; BioClinica, Inc.; 
Biogen; Bristol-Myers Squibb Company; CereSpir, Inc.; Cogstate; Eisai Inc.; Elan 
Pharmaceuticals, Inc.; Eli Lilly and Company; EuroImmun; F. Hoffmann-La Roche 
Ltd and its affiliated company Genentech, Inc.; Fujirebio; GE Healthcare; IXICO 
Ltd.; Janssen Alzheimer Immunotherapy Research & Development, LLC.; Johnson 
& Johnson Pharmaceutical Research & Development LLC.; Lumosity; Lundbeck; 
Merck & Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack 
Technologies; Novartis Pharmaceuticals Corporation; Pfizer Inc.; Piramal Imaging; 
Servier; Takeda Pharmaceutical Company; and Transition Therapeutics. The 
Canadian Institutes of Health Research is providing funds to support ADNI 
clinical sites in Canada. Private sector contributions are facilitated by the 
Foundation for the National Institutes of Health (www.fnih.org). The grantee 
organization is the Northern California Institute for Research and Education, and 
the study is coordinated by the Alzheimer’s Therapeutic Research Institute at the 
University of Southern California. ADNI data are disseminated by the Laboratory 
for Neuro Imaging at the University of Southern California.

References
1.	 Drubin DG, Kirschner MW. Tau protein function in living cells. J Cell Biol. 

1986;103(6 Pt 2):2739-46.
2.	 Guo T, Noble W, Hanger DP. Roles of tau protein in health and disease. Acta 

Neuropathol. 2017;133(5):665-704.



9

JPAD  - Volume

3.	 Jack CR, Jr., Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein 
SB, et al. NIA-AA Research Framework: Toward a biological definition of 
Alzheimer’s disease. Alzheimers Dement. 2018;14(4):535-62.

4.	 Jack CR, Jr., Bennett DA, Blennow K, Carrillo MC, Feldman HH, Frisoni GB, 
et al. A/T/N: An unbiased descriptive classification scheme for Alzheimer 
disease biomarkers. Neurology. 2016;87(5):539-47.

5.	 Yau WW, Shirzadi Z, Yang HS, Ikoba AP, Rabin JS, Properzi MJ, et al. Tau 
Mediates Synergistic Influence of Vascular Risk and Aβ on Cognitive Decline. 
Ann Neurol. 2022;92(5):745-55.

6.	 Therriault J, Pascoal TA, Sefranek M, Mathotaarachchi S, Benedet AL, 
Chamoun M, et al. Amyloid-dependent and amyloid-independent effects of 
Tau in individuals without dementia. Ann Clin Transl Neurol. 2021;8(10):2083-
92.

7.	 Wuestefeld A, Pichet Binette A, Berron D, Spotorno N, van Westen D, Stomrud 
E, et al. Age-related and amyloid-beta-independent tau deposition and its 
downstream effects. Brain. 2023;146(8):3192-205.

8.	 Katzman R, Terry R, DeTeresa R, Brown T, Davies P, Fuld P, et al. Clinical, 
pathological, and neurochemical changes in dementia: a subgroup with 
preserved mental status and numerous neocortical plaques. Ann Neurol. 
1988;23(2):138-44.

9.	 Goldman WP, Price JL, Storandt M, Grant EA, McKeel DW, Jr., Rubin EH, et al. 
Absence of cognitive impairment or decline in preclinical Alzheimer’s disease. 
Neurology. 2001;56(3):361-7.

10.	 Bennett DA, Schneider JA, Arvanitakis Z, Kelly JF, Aggarwal NT, Shah RC, et 
al. Neuropathology of older persons without cognitive impairment from two 
community-based studies. Neurology. 2006;66(12):1837-44.

11.	 Price JL, Morris JC. Tangles and plaques in nondemented aging and 
“preclinical” Alzheimer’s disease. Ann Neurol. 1999;45(3):358-68.

12.	 Pa J, Aslanyan V, Casaletto KB, Rentería MA, Harrati A, Tom SE, et al. Effects 
of Sex, APOE4, and Lifestyle Activities on Cognitive Reserve in Older Adults. 
Neurology. 2022;99(8):e789-e98.

13.	 Erten-Lyons D, Woltjer RL, Dodge H, Nixon R, Vorobik R, Calvert JF, et al. 
Factors associated with resistance to dementia despite high Alzheimer disease 
pathology. Neurology. 2009;72(4):354-60.

14.	 Long JM, Holtzman DM. Alzheimer Disease: An Update on Pathobiology and 
Treatment Strategies. Cell. 2019;179(2):312-39.

15.	 Hansson O, Seibyl J, Stomrud E, Zetterberg H, Trojanowski JQ, Bittner T, et 
al. CSF biomarkers of Alzheimer’s disease concord with amyloid-β PET and 
predict clinical progression: A study of fully automated immunoassays in 
BioFINDER and ADNI cohorts. Alzheimers Dement. 2018;14(11):1470-81.

16.	 Suárez-Calvet M, Capell A, Araque Caballero M, Morenas-Rodríguez E, 
Fellerer K, Franzmeier N, et al. CSF progranulin increases in the course of 
Alzheimer’s disease and is associated with sTREM2, neurodegeneration and 
cognitive decline. EMBO Mol Med. 2018;10(12).

17.	 Yu JT, Xu W, Tan CC, Andrieu S, Suckling J, Evangelou E, et al. Evidence-based 
prevention of Alzheimer’s disease: systematic review and meta-analysis of 
243 observational prospective studies and 153 randomised controlled trials. J 
Neurol Neurosurg Psychiatry. 2020;91(11):1201-9.

18.	 Kim S, Swaminathan S, Shen L, Risacher SL, Nho K, Foroud T, et al. Genome-
wide association study of CSF biomarkers Abeta1-42, t-tau, and p-tau181p in 
the ADNI cohort. Neurology. 2011;76(1):69-79.

19.	 Jack CR, Bernstein MA, Fox NC, Thompson P, Alexander G, Harvey D, et al. 
The Alzheimer’s Disease Neuroimaging Initiative (ADNI): MRI methods. J 
Magn Reson Imaging. 2008;27(4):685-91.

20.	 Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An 
automated labeling system for subdividing the human cerebral cortex on MRI 
scans into gyral based regions of interest. Neuroimage. 2006;31(3):968-80.

21.	 Jiaerken Y, Luo X, Yu X, Huang P, Xu X, Zhang M. Microstructural 
and metabolic changes in the longitudinal progression of white matter 
hyperintensities. J Cereb Blood Flow Metab. 2019;39(8):1613-22.

22.	 Shaw LM, Vanderstichele H, Knapik-Czajka M, Figurski M, Coart E, Blennow 
K, et al. Qualification of the analytical and clinical performance of CSF 
biomarker analyses in ADNI. Acta Neuropathol. 2011;121(5):597-609.

23.	 Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method 
for grading the cognitive state of patients for the clinician. J Psychiatr Res. 
1975;12(3):189-98.

24.	 Mohs RC, Knopman D, Petersen RC, Ferris SH, Ernesto C, Grundman M, et al. 
Development of cognitive instruments for use in clinical trials of antidementia 
drugs: additions to the Alzheimer’s Disease Assessment Scale that broaden 
its scope. The Alzheimer’s Disease Cooperative Study. Alzheimer Dis Assoc 
Disord. 1997;11 Suppl 2:S13-21.

25.	 Schoenberg MR, Dawson KA, Duff K, Patton D, Scott JG, Adams RL. Test 
performance and classification statistics for the Rey Auditory Verbal Learning 
Test in selected clinical samples. Arch Clin Neuropsychol. 2006;21(7):693-703.

26.	 Reitan RM. The relation of the trail making test to organic brain damage. J 
Consult Psychol. 1955;19(5):393-4.

27.	 Pfeffer RI, Kurosaki TT, Harrah CH, Jr., Chance JM, Filos S. Measurement 
of functional activities in older adults in the community. J Gerontol. 
1982;37(3):323-9.

28.	 Yesavage JA, Brink TL, Rose TL, Lum O, Huang V, Adey M, et al. 
Development and validation of a geriatric depression screening scale: a 
preliminary report. Journal of Psychiatric Research. 1982;17(1):37-49.

29.	 Crane PK, Carle A, Gibbons LE, Insel P, Mackin RS, Gross A, et al. 
Development and assessment of a composite score for memory in the 
Alzheimer’s Disease Neuroimaging Initiative (ADNI). Brain Imaging Behav. 
2012;6(4):502-16.

30.	 Gibbons LE, Carle AC, Mackin RS, Harvey D, Mukherjee S, Insel P, et al. A 
composite score for executive functioning, validated in Alzheimer’s Disease 
Neuroimaging Initiative (ADNI) participants with baseline mild cognitive 
impairment. Brain Imaging Behav. 2012;6(4):517-27.

31.	 McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. 
Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA 
Work Group under the auspices of Department of Health and Human Services 
Task Force on Alzheimer’s Disease. Neurology. 1984;34(7):939-44.

32.	 Balachandran VP, Gonen M, Smith JJ, DeMatteo RP. Nomograms in oncology: 
more than meets the eye. Lancet Oncol. 2015;16(4):e173-e80.

33.	 Steyerberg EW, Vergouwe Y. Towards better clinical prediction models: 
seven steps for development and an ABCD for validation. Eur Heart J. 
2014;35(29):1925-31.

34.	 Steyerberg EW, Vickers AJ, Cook NR, Gerds T, Gonen M, Obuchowski N, et al. 
Assessing the performance of prediction models: a framework for traditional 
and novel measures. Epidemiology. 2010;21(1):128-38.

35.	 Kamarudin AN, Cox T, Kolamunnage-Dona R. Time-dependent ROC curve 
analysis in medical research: current methods and applications. BMC Med Res 
Methodol. 2017;17(1):53.

36.	 Vickers AJ, Holland F. Decision curve analysis to evaluate the clinical benefit of 
prediction models. Spine J. 2021;21(10):1643-8.

37.	 Gibbons RD, Hedeker D, DuToit S. Advances in analysis of longitudinal data. 
Annu Rev Clin Psychol. 2010;6:79-107.

38.	 Suganthy N, Devi KP, Nabavi SF, Braidy N, Nabavi SM. Bioactive effects 
of quercetin in the central nervous system: Focusing on the mechanisms of 
actions. Biomed Pharmacother. 2016;84:892-908.

39.	 Braak H, Braak E. Diagnostic criteria for neuropathologic assessment of 
Alzheimer’s disease. Neurobiol Aging. 1997;18(4 Suppl):S85-S8.

40.	 Stern Y, Arenaza-Urquijo EM, Bartrés-Faz D, Belleville S, Cantilon M, Chetelat 
G, et al. Whitepaper: Defining and investigating cognitive reserve, brain 
reserve, and brain maintenance. Alzheimer’s & Dementia : the Journal of the 
Alzheimer’s Association. 2020;16(9):1305-11.

41.	 Gispert JD, Suárez-Calvet M, Monté GC, Tucholka A, Falcon C, Rojas S, et al. 
Cerebrospinal fluid sTREM2 levels are associated with gray matter volume 
increases and reduced diffusivity in early Alzheimer’s disease. Alzheimers 
Dement. 2016;12(12):1259-72.

42.	 Zhang X, Tang L, Yang J, Meng L, Chen J, Zhou L, et al. Soluble TREM2 
ameliorates tau phosphorylation and cognitive deficits through activating 
transgelin-2 in Alzheimer’s disease. Nat Commun. 2023;14(1):6670.

43.	 Li Y, Macyczko JR, Liu CC, Bu G. ApoE4 reduction: An emerging and 
promising therapeutic strategy for Alzheimer’s disease. Neurobiol Aging. 
2022;115:20-8.

44.	 Shi Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W, et al. ApoE4 
markedly exacerbates tau-mediated neurodegeneration in a mouse model of 
tauopathy. Nature. 2017;549(7673):523-7.

45.	 Edwards AL, Collins JA, Junge C, Kordasiewicz H, Mignon L, Wu S, et al. 
Exploratory Tau Biomarker Results From a Multiple Ascending-Dose Study 
of BIIB080 in Alzheimer Disease: A Randomized Clinical Trial. JAMA Neurol. 
2023.

© Serdi 2024

How to cite this article: H.-S. Wu, L. Li, Q.-Q. Sun, et al. Predicting Cognitive 
Decline for Non-Demented Adults with High Burden of Tau Pathology, 
Independent of Amyloid Status. J Prev Alz Dis 2024; http://dx.doi.
org/10.14283/jpad.2024.82


