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Biomarker Changes Preceding Alzheimer’s Disease

Preclinical Alzheimer’s disease has 
been characterized by the presence of nor-
mal cognitive function and abnormal levels 

of cerebrospinal fluid (CSF) biomarkers.1 The pre-
clinical stage is typically followed by mild cognitive 
impairment, which progresses to clinically ap-
parent dementia in some persons. Neuropatho-
logic abnormalities and changes in biomarker 
levels can begin 15 to 20 years before clinical 
manifestations of Alzheimer’s disease.2-4

Changes in CSF biomarkers such as levels of 
amyloid-beta (A�), total tau, phosphorylated tau 
181, and neurofilament light chain (NfL) have 
been indicators in preclinical Alzheimer’s dis-
ease5-8 that become abnormal sequentially rather 
than simultaneously.9 Some previous studies of 
the sequential appearance of changes in CSF bio-
markers have involved persons with autosomal 
dominant Alzheimer’s disease, which accounts 
for only a small proportion of Alzheimer’s dis-
ease cases, and these studies have typically used 
an estimated number of years before the onset of 
Alzheimer’s disease symptoms to define the time-
line of biomarker changes.10-14

Determination of the sequence of these chang-
es in sporadic Alzheimer’s disease is challenging 
because a person’s clinical course, beginning 
with normal cognition and progressing to Alz-
heimer’s disease, cannot be predicted.15 Most 
studies regarding biomarkers in sporadic Alz hei-
mer’s disease have been cross-sectional and may 
not have reflected alterations of biomarkers over 
the period from a normal cognitive state to Alz-
heimer’s disease. Longitudinal studies, such as 
the Alzheimer’s Disease Neuroimaging Initiative, 
have advanced our understanding of preclinical 
sporadic Alzheimer’s disease by exploring these 
biomarker changes.16-19

However, a limitation of these studies has been 
the underrepresentation of Asian populations, 
which potentially has limited the generalizability 
of the results. In addition, the relatively short 
follow-up periods in previous studies do not 
reflect the lengthy trajectory over decades of bio-
marker alterations leading to the onset of Alz-
hei mer’s disease. We examined a cohort of par-
ticipants from one of the nested studies in the 
China Cognition and Aging Study (COAST) with 
a goal of estimating the trajectory of changes in 
several CSF biomarkers in6.4 (w)12 (t to)6.2 1>459 (i)-7.8 (s) s i 
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tions, including lumbar puncture, and follow-up. 
The protocol was approved by the ethics com-
mittee of Xuanwu Hospital, Capital Medical Uni-
versity, and the study was conducted in accor-
dance with the principles of the Declaration of 
Helsinki. Participants were not compensated for 
participating in the study. The sponsors had no 
role in the study design; collection, analysis, or 
interpretation of the data; or the writing of the 
report.

Nested Case–Control Approach
Our study required that participants be observed 
for more than 15 years but not more than 20 years. 
They would undergo at least three assessments 
that had to include an initial baseline visit, a visit 
during which the diagnosis was made, and an 
intermediate follow-up visit between the two. The 
overarching COAST study had 52,388 partici-
pants in 2000, of whom 32,061 were eligible for 
and enrolled in the current substudy. Of the 
participants who were enrolled, 30,272 were ex-
cluded (6435 discontinued the study, 3172 were 
untraceable, 10,470 had died, 2759 were cogni-
tively impaired, 4514 were excluded for health-
related reasons, 1228 had fewer than three as-
sessments, and 1694 were excluded for other 
reasons), leaving 1789 participants enrolled.

At the last follow-up, 695 participants had re-
ceived a diagnosis of Alzheimer’s disease and 1094 
remained cognitively normal (as assessed by test-
ing as described below). After propensity-score 
matching on the basis of age, sex, and education 
level, 648 (93.2%) of the participants with Alz-
heimer’s disease were successfully matched in a 
1:1 ratio with participants who remained cogni-
tively normal at the last follow-up, and these two 
groups form the basis for the current report.

Diagnosis of Cognitive Status
The cognitive status of participants was deter-
mined at baseline and at each follow-up with the 
use of three scales. Participants were considered 
to have no cognitive impairment if they had a 
score of 27 or higher on the Mini–Mental State 
Examination (MMSE; range, 0 to 30, with higher 
scores indicating better performance).21 Scores 
of 12 or higher on the Logical Memory Test (LMT), 
a modification of the episodic memory section 
of the Wechsler Memory Scale–Revised (scores 

range from 0 to 25, with higher scores indicat-
ing better memory abilities)22 were considered to 
indicate normal cognition at baseline. The third 
scale that was used was the CDR–Sum of Boxes 
(CDR-SB; range, 0 to 18, with higher scores in-
dicating greater impairment). The scores on these 
scales and participants’ medical records were 
reviewed by neurologists and taken into account 
when the clinical diagnosis of Alzheimer’s dis-
ease was made, in accordance with the National 
Institute on Aging–Alzheimer’s Association cri-
teria.23 Mild cognitive impairment was diagnosed 
according to the Petersen criteria.24

The same tests were used throughout the 
period of the study; however, the status of cog-
nitively normal at follow-up was defined as consis-
tent maintenance of a score of 0 on the CDR-SB.20 
CDR-SB scores were independently assessed by 
physicians who were unaware of other cognitive 
test results. In cases in which no consensus was 
reached, a diagnosis was determined by subse-
quent discussion by a group of neurologists, psy-
chiatrists, and neuropsychologists who were ex-
perts in Alzheimer’s disease.

Biomarkers
At each follow-up, CSF and blood samples were 
obtained under morning fasting conditions for 
APOE genotype and routine biochemical tests. 
Participants were monitored for signs of discom-
fort for at least 12 hours after undergoing lum-
bar puncture. Samples were aliquoted and pre-
served at �80°C until tested. The same tests were 
consistently used for each participant throughout 
the study (see the Supplementary Methods section).

The concentrations of the biomarkers were 
measured with the use of enzyme-linked immuno-
sorbent assay kits (INNOTEST �-Amyloid 1–40, 
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Brain Volumetric Imaging
Structural magnetic resonance imaging of the 
brain was performed with 3.0-T scanners (Sie-
mens) with a 20-channel phased-array head–
neck coil. The absolute volume of each region of 
interest was determined with the use of Free-
Surfer software, version 5.3.0 (Table S2). The rela-
tive region-of-interest volume (the absolute re-
gion-of-interest volume as a percentage of the 
intracranial volume) was calculated to correct 
for differences in brain size among the partici-

pants. Left and right hippocampal volumes were 
summed to assess the degree of brain atrophy.25

Statistical Analysis
Biomarker trajectories were assessed with the 
use of a backward timescale. In analyses of par-
ticipants in whom Alzheimer’s disease was diag-
nosed, year 0 was used to denote the year of 
diagnosis. In analyses of cognitively normal par-
ticipants, year 0 corresponded to the end of fol-
low-up.

Table�1.�Characteristic�of�the�Participants�at�Baseline.*

Variable
Cognitively�Normal�

(N�=�648)
Alzheimer’s�Disease�

(N�=�648)

Age — yr 61.3±4.1 61.2±4.1

Sex — no. (%)

Male 328 (50.6) 327 (50.5)

Female 320 (49.4) 321 (49.5)

Education, level and total yr — no. of participants (%)

Primary school, 6 yr 25 (3.9) 28 (4.3)

Middle school, 7–9 yr 28 (4.3) 26 (4.0)

High school, 10–12 yr 212 (32.7) 210 (32.4)

University, 13–17 yr 334 (51.5) 335 (51.7)

Postgraduate, 18–21 yr 49 (7.6) 49 (7.6)

APOE status — no. (%)

Noncarrier 516 (79.6) 407 (62.8)

Carrier 132 (20.4) 241 (37.2)

Heterozygous 121 (18.7) 183 (28.2)

Homozygous 11 (1.7) 58 (9.0)

Cognitive score†

MMSE 29.5±1.0 29.4±1.2

CDR-SB 0 0

LMT 16.8±0.6 16.8±0.7

Biomarker values

Ratio of A�42 to A� 40 0.1±0.0 0.1±0.0

Total tau — pg/ml 219.2±52.6 214.6±41.2

Phosphorylated tau 181 — pg/ml 48.8±9.9 48.4±7.8

Neurofilament light chain — pg/ml 633.9±139.3 645.4±140.4

Hippocampal volume — mm3 7708.3±621.8 7683.0±645.5

*  Plus–minus values are means ±SD. A� denotes amyloid-beta, and APOE apolipoprotein E gene.
†  Scores on the Mini–Mental State Examination (MMSE) range from 0 to 30, with higher scores indicating better perfor-

mance. Totals for the Clinical Dementia Rating–Sum of Boxes (CDR-SB) range from 0 to 18, with higher values indicat-
ing greater cognitive impairment. Scores for the Logical Memory Test (LMT) range from 0 to 25, with higher scores 
indicating better memory abilities.
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We used the R software, version 4.3.1, lcmm 
package (R Foundation for Statistical Computing) 
to establish latent-class mixed models for the 
estimation of the trajectories of each biomarker 
over time (see the Supplementary Methods sec-
tion).26,27 These models incorporated quadratic 
functions of retrospective time and were adjust-
ed for case–control status, covariates (e.g., age, 
sex, education level, and APOE status), and their 
interactions with time and time squared. Within-
participant correlations were accounted for by 
correlated random intercepts and slopes of time 
and time squares. Spline functions were integrated 
into the models to capture potential variations 
in biomarker trajectories over time. The final 
models with the optimal number of knots were 
determined with the use of the Akaike and Bayes-
ian information criteria.28

Using the R software mvtnorm package for 
Wald tests, we evaluated the differences in bio-
markers between participants with Alzheimer’s 
disease and cognitively normal participants for 



n engl j med 390;8 nejm.org  February 22, 2024718

T h e  new engl a nd jour na l  o f  medic ine

Ch
an

ge
 in

 A
β 42

0.00

−0.03

−0.06

−0.09

−0.12
30 17181920212223242526272829

Mini–Mental State Examination Score

C P-tau 181

A Aβ42

Ch
an

ge
 in

 R
at

io
 o

f A
β 42

 to
 A

β 40

0.03

0.00

−0.03

−0.06

−0.09

−0.12
30 17181920212223242526272829

Mini–Mental State Examination Score

Ch
an

ge
 in

 p
-ta

u 
18

1

0.5

0.4

0.3

0.2

0.1

−0.1

0.0

30 17181920212223242526272829

Mini–Mental State Examination Score

Ch
an

ge
 in

 t-
ta

u

0.5

0.4

0.3

0.2

0.1

0.0

−0.1
30 17181920212223242526272829

Mini–Mental State Examination Score

Ch
an

ge
 in

 A
β 42

−0.025

−0.050

−0.075

−0.100

−0.150

−0.125

17 45678910111213141516

17 45678910111213141516 17 45678910111213141516

17 45678910111213141516

Logical Memory Test Score

Ch
an

ge
 in

 R
at

io
 o

f A
β 42

 to
 A

β 40

0.03

0.00

−0.03

−0.06

−0.09

−0.12

Logical Memory Test Score

Ch
an

ge
 in

 p
-ta

u 
18

1

0.8

0.6

0.4

0.2

0.0

Logical Memory Test Score

Ch
an

ge
 in

 t-
ta

u

0.8

0.6

0.4

0.2

0.0

Logical Memory Test Score

B Aβ42/40 Ratio

E

G

D T-tau

F

HP-tau 181 T-tau

Aβ42/40 RatioAβ42

Maximum rate
of change,

−0.069

25.49

Maximum rate of change,
 0.425

27.19

   Maximum rate of change,
0.457

27.26

Maximum rate
of change,

−0.085

10.6

Maximum rate
of change,

0.601

12.69

Maximum rate
of change,

0.556

12.56



n engl j med 390;8 nejm.org  February 22, 2024 719

Biomarker Changes Preceding Alzheimer’s Disease

matched cognitively normal group. The study in-
cluded only Han Chinese persons. Within both 
groups, men slightly outnumbered women. Base-
line CSF biomarker levels, cognitive scores, and 
hippocampal volumes were similar in the two 
groups. Participants in whom Alzheimer’s dis-
ease ultimately developed were more likely than 
their matched controls to be carriers of the APOE 
�4 allele (37.2% vs. 20.4%). Overall, the partici-
pants had a level of education that slightly sur-
passed the educational norms for the general 
population of older adults in China. The represen-
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ease; in the control group, the rate of change 
appeared to have flatter trajectories (Fig. S5).
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