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Data used in preparation of 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 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
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amyloid biomarker testing for the 5-year prediction of MCI and reduces the required
samples size for trials in preclinical AD to one fourth, compared to considering all
cognitively normal participants regardless of subtle symptoms.

DISCUSSION: SCD and MNPD offer a powerful approach for risk stratification in pre-
clinical AD, which can improve clinical trial designs, risk counseling, and future case

identifications for early treatment.

KEYWORDS
clinical staging, minor neuropsychological deficits, preclinical Alzheimer’s disease, stage 2 of
Alzheimer’s disease, subjective cognitive concerns, subjective cognitive decline, subtle cognitive
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1 | BACKGROUND

The core proteinopathies underlying Alzheimer’s disease (AD) develop
over decades before the onset of dementia.® Similarly, symptoms of AD
emerge gradually, already before the onset of mild cognitive impair-
ment (MCI).2 This continuous decline is recognized in the distinction
between asymptomatic individuals (stage 1) and those with subtle
symptoms (stage 2) within the preclinical phase of the disease in the
Alzheimer’s Association’s diagnostic criteria.®> Cognitively normal indi-
viduals (CN) with preclinical AD, comprising AD stage 1 and 2, are
at increased risk of cognitive decline compared to CN without AD
pathology, but progression rates vary substantially.*~¢

Subtle symptoms can improve risk stratification among CN pop-
ulations. Subjective cognitive decline (SCD) is a symptom of AD
stage 2 and predictor of cognitive decline, with an incremental
prognostic value beyond amyloid pathology.”-? Additionally, base-
line cognitive performance in CN predicts cognitive decline beyond
AD biomarkers.1%11 To operationalize subtle cross-sectional cogni-
tive symptoms, we previously proposed criteria for minor neuropsy-
chological deficits (MNPD) and showed their association with clini-
cal progression.’? Preliminary evidence suggests that the combined
assessment of SCD and MNPD enhances their prognostic power, but
research about this topic is limited.12-1>

A better understanding of the predictive relevance of these subtle
symptoms will support the refinement of clinical staging approaches
in AD.%1¢ Effective clinical staging, grounded in knowledge about dif-
fering risks of progression at the early stages of AD, is vital for the
design of novel treatment trials aimed at slowing cognitive decline from
the preclinical stage onward (NCT05026866, NCT04468659). It can

decline, transitional cognitive decline

* Clinical progression risk is increased in minor neuropsychological deficits (MNPD).
* This risk increase is higher in combination with subjective cognitive decline (SCD).

* SCD and MNPD relate to an increased dementia risk in amyloid-positive individuals.
* SCD and MNPD improve the prognostic utility of amyloid biomarker testing.

SCD and MNPD reduce sample requirements for clinical trials by at least a third.

also serve fine-graded individual risk estimations in dementia preven-
tion initiatives, like the recently proposed Brain Health Services.”:18
Finally, it will aid discussions regarding the cost-benefit-risk ratios of
disease-modifying treatments in preclinical AD.1¢

In this study, we quantified the independent and combined asso-
ciations of SCD and MNPD in CN with AD pathology and clinical
progression, including in amyloid-positive individuals. Additionally, we
investigated their impact on the short-term prognostic value of amy-
loid positivity as well as on sample size estimates for clinical trials in
preclinical AD.

2 | METHODS

2.1 | Study design and participants

In this longitudinal cohort study, we analyzed data, collected between
June 2005 and May 2024, from up to 13,192 CN recruited from mem-
ory clinics or communities. We used data from the German Center
for Neurodegenerative Diseases Longitudinal Cognitive Impairment
and Dementia study (DELCODE; N = 618),2? the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI; N = 599),20 and the National
Alzheimer’s Coordinating Center database (NACC; N = 11,975).21
Detailed descriptions of the procedures and sample selection are pro-
vided in the supplement (Figures S1-S3). The participants in these
datasets were at least 50 years old, did not receive a study diagnosis of
MCl or dementia at baseline, and had AD biomarker and/or clinical pro-
gression data available. Additionally, they did not meet our operational

criterion for MCI (see below) at baseline, to ensure that participants
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RESEARCH IN CONTEXT

1. Systematicreview: A literature review using the PubMed
database was conducted. Previous studies showed that
minor neuropsychological deficits (MNPD) and subjective
cognitive decline (SCD) are associated with Alzheimer’s
disease (AD) pathology and cognitive decline. Initial
results on the diagnostic and predictive utility of the
combination of both subtle symptoms are limited and
inconsistent.

2. Interpretation: In this pooled sample of 13,192 cog-
nitively normal participants from three longitudinal
cohort studies, SCD and MNPD were associated with
an increased risk of clinical progression, including in
amyloid-positive individuals, improved the prediction of
mild cognitive impairment by amyloid pathology, and
reduced sample size estimations for clinical trials.

3. Future directions: Building on our results showing how
subtle symptoms can amplify the efficiency of clinical tri-
als and the information gained from biomarker testing,
future research should investigate their combined value
with biological AD staging using Tau PET and explore
the importance of neuropsychiatric symptoms for clinical
staging.

from all cohorts met the same standard for cognitive normality. We
followed the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines.

2.2 | Clinical classifications
In accordance with established criteria, SCD was defined by the
presence of self-experienced cognitive decline in individuals without
objective cognitive test deficits.22 In DELCODE, the study’s partici-
pant groups indicated the presence of cognitive concerns. This cohort
included memory clinic patients, who were cognitively normal and
sought medical advice due to self-experienced decline in any cognitive
domain, and SCD-free control participants recruited from the commu-
nity. In ADNI-2 and ADNI-3, we used data from the Everyday Cognition
Questionnaire (ECog), which assesses subjective decline in six cogni-
tive domains, and defined SCD by a value >1.35 in the ECog total score.
This threshold was derived from DELCODE participants to ensure
similar levels of cognitive concerns across these cohorts (Supplemen-
tary Methods). In ADNI-1, the Geriatric Depression Scale (GDS) item
“Do you feel you have more problems with memory than most?” was
available to indicate SCD. In NACC, SCD was defined by a report of
subjectively perceived memory decline to the study physicians.

For the operationalization of MNPD, we built on our previous

work, which used a cutoff at z<-0.5 in a composite score calculated
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from the Consortium to Establish a Registry for Alzheimer’s Dis-
ease (CERAD) neuropsychological battery.!? This approach was not
applicable to all cohorts in the present analyses due to differing neu-
ropsychological batteries. Additionally, it was not possible to define
MNPD based on composite measures of each cohort’s cognitive test
battery, since normative data for these scores are not available. We,
therefore, chose a criterion depending on the number of low test
scores for a test battery-independent definition of MNPD, which was
adapted from an established approach for the diagnosis of MCI|.23
Analogous to our mean-based criterion used previously, we required
at least half of the tests of a given neuropsychological battery to
have a demographically-adjusted, normative performance of z<-0.5—
corresponding to a median of z<-0.5—to approximate the central ten-
dency of normative performance across each test battery. Previously
published age-, sex-, and education-adjusted, regression-based test

norms24-27

were used to derive z-scores for this operationalization of
MNPD (Table S1).

Progression to MCI was coded in participants with a clinical diag-
nosis of cognitive impairment and/or a Clinical Dementia Rating (CDR)
global score >0.5 at follow-up. In these individuals, we applied a har-
monized operational MCI criterion to ensure a consistent standard
of cognitive impairment across all cohorts (Supplementary Methods).
This operational criterion was met if at least two tests in the same cog-
nitive domain were classified as impaired, one with a demographically-
adjusted z-score <-1.5 and another with a z-score <-1 (Table S1). In
line with our previous work,'? this modified adaptation of a widely
used MCI criterion, requiring two tests with a z-score <-1 in the same
cognitive domain,2® was chosen because some domains in our data
included more than two tests—which allows for a more comprehensive
neuropsychological assessment, but increases the chance of abnor-
mal test scores in healthy individuals.232%:30 |n all cohorts, progression
to dementia was diagnosed by study physicians based on established
diagnostic criteria (Supplementary Methods).3!

2.3 | AD biomarkers

Amyloid and tau pathology were operationalized with cerebrospinal
fluid (CSF) or positron emission tomography (PET) data using study-
dependent cutoffs. We prioritized PET over CSF if both were
available. In DELCODE, CSF biomarkers were measured with
Fujirebio Innotest® assays and amyloid PET was measured with
[18F]florbetaben (Supplementary Methods).1? Cutoff values for the
CSF biomarkers were previously derived using mixture-modelling.”
Amyloid pathology was defined by a CSF amyloid-B42/40 (AB42/40)
ratio <0.08 or a Centiloid score >24.4.32 Tau pathology was defined by
CSF p-taugq >24.30 (pg/ml). In ADNI, CSF biomarkers were measured
with Roche Elecsys® immunoassays, amyloid PET was measured
with [18F]florbetaben or [18F]florbetapir, and tau PET was measured
with [18F]flortaucipir (Supplementary Methods).2° CSF cutoff values
anchored to amyloid and tau PET positivity have previously been
published.3? Cutoff values for amyloid PET are provided by the ADNI

PET Core. Consistent with the methodology of other research groups,
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we defined tau PET positivity as a meta-temporal standardized uptake
value ratio (SUVR) >2SD above the mean of amyloid PET-negative CN
participants.>® Amyloid pathology was defined as CSF Ag42 < 981
(pg/ml), a [18F]florbetapir SUVR >1.11, or a [18F]florbetaben SUVR
>1.08. Tau pathology was defined as CSF p-tauqgq >24.30 (pg/ml) or
a [18F]flortaucipir SUVR >1.30. In NACC, we used data from study
physician reports of PET and/or CSF amyloid and tau positivity (Sup-
plementary Methods). These dichotomous records indicated whether
biomarker abnormalities had been found based on local assessment
procedures and standards for biomarker positivity. NACC CSF reports
did not differentiate between total and phosphorylated tau. We
used the first visit with available biomarker data as the baseline for
biomarker-related analyses in NACC, since the collection of these data

was initiated with a later study phase in 2015.

2.4 | Statistical analysis

For the statistical analyses, we defined four symptomatic groups based
on the absence or presence of SCD and MNPD. Using Cox regres-
sions, we first compared these groups in their risk of progression to
MCI and dementia over 10 years. Cox regression models with Firth’s
penalized maximum likelihood estimation were used to address non-
convergence due to monotone likelihood in models with no events
in one analytical group.®* Additionally, we compared the groups’
restricted mean survival times (RMST), which reflected the average
time to clinical progression over 10 years. These analyses were con-
ducted with pseudo-value regression modeling implemented with the
R packages pseudo and geepack.®®

Next, we investigated the association between the clinical groups
and baseline amyloid (A+) and tau pathology (T+) using logistic regres-
sions and with the combined biomarker profiles (i.e., A-T-, A+T-, A-T+,
A+T+) using multinomial logistic regressions (reference category:
A-T-).

Then, we examined the association between the clinical groups and
clinical progression in amyloid-positive individuals, again using Cox and
RMST analyses.

To obtain estimates for 5-year symptom progression, we calculated
the sensitivity, specificity, and predictive values of SCD and MNPD for
the progression to MCl within this timeframe using inverse probability
of censoring weighting as implemented in the R package timeROC.3¢
Using the same method and metrics, we investigated the prognostic
value of baseline amyloid positivity for the 5-year progression to MCI
in the different clinical groups.

Finally, we simulated the sample size requirements per arm for clin-
ical trials in the different clinical groups. Based on the progression
rates in amyloid-positive participants, we estimated the sample sizes
needed to detect a 30% reduction®”:38 in the risk of progressing to MClI
within 4.5 years,3? with 80% power and « = 0.05, using the R package
powerSurvEpi. Based on the rates of amyloid positivity in our sample,
we also estimated the number of screenings for amyloid pathol-
ogy required in each group to reach the necessary sample sizes per

arm.

Statistical analyses were conducted with R, version 4.4.1. They
included all participants with data in all variables of a given analy-
sis. Analyses were conducted in pooled cross-cohort samples as well
as the separate cohorts. All p values were two-sided and considered
significant at p < 0.05. All regression models were adjusted for age,
sex/gender (0 = male, 1 = female), and cohort. Cox and RMST regres-
sions were additionally adjusted for years of education. In sensitivity
analyses in ADNI and NACC, we additionally adjusted for race and His-
panic ethnicity. This data was not available in DELCODE. Moreover, we
ran sensitivity analyses that adjusted for the source of biomarker infor-
mation (PET or CSF) as well as analyses adjusting for apolipoprotein E
(APOE) ¢4 genotype positivity and vascular risk factors including body
mass index (BMI), smoking, hypertension, hypercholesterolemia, and

diabetes.

3 | RESULTS

3.1 | Associations with clinical progression

The clinical progression analyses included 13,192 participants from
three studies (Table 1; Tables S2-S8). Over 10 years, participants
with baseline SCD (SCD+) had higher risks for MCI (hazard ratio
(HR) [95% confidence interval] = 1.98[1.7972.19], p < 0.001) and
dementia (HR = 2.12[1.82-2.47], p < 0.001) compared to those with-
out SCD (SCD-). Additionally, participants with MNPD (MNPD+) had
higher risks for MCI (HR = 3.16[2.81-3.56], p < 0.001) and demen-
tia (HR = 1.97[1.61-2.41], p < 0.001) compared to those without
MNPD (MNPD-). These effects were similar in all studies, supporting
the cross-cohort applicability of the MNPD criterion (Table S9).

Compared to the SCD-/MNPD-reference group, SCD-/MNPD+
(HR = 3.13[2.68-3.66], p < 0.001), SCD+/MNPD- (HR = 1.97[1.76-
2.20],p < 0.001), and SCD+/MNPD+ (HR = 6.23[5.23-7.42],p < 0.001)
had a higher risk of MCI (Figure 1). Additionally, SCD-/MNPD+
(HR = 1.76[1.34-2.31], p < 0.001), SCD+/MNPD- (HR = 2.04[1.72-
2.41],p<0.001),and SCD+/MNPD+ (HR =4.57[3.41-6.10],p < 0.001)
had a higher risk of dementia than SCD-/MNPD-.

Progression to MCI occurred on average 1.39[1.14-1.64],
0.70[0.58-0.82], and 2.55[2.17-2.94] years earlier in SCD-/MNPD+,
SCD+/MNPD-, and SCD+/MNPD+ compared to SCD-/MNPD-
(Table 2). Progression to dementia occurred on average 0.24[0.11-
0.37], 0.30[0.22-0.38], and 0.75[0.51-0.99] vyears earlier in
SCD-/MNPD+, SCD+/MNPD-, and SCD+/MNPD+ compared to
SCD-/MNPD-.

Results from the individual studies are listed in the Supplement
(Tables S10-S11) and individual Cox regression results are displayed
in Figure 2. Associations with the progression to MCI were consistent
across the cohorts, although the effect of SCD+/MNPD- was smaller
in ADNI compared to the other studies. Associations with the pro-
gression to dementia differed more widely across cohorts and showed
higher statistical uncertainty (Figure 2). Adjustments for race, Hispanic
ethnicity, vascular risk factors, and APOE did not change the results
(Tables S12-S17).
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TABLE 1 Participant characteristics.

SCD-/MNPD-
Participants with progression data

N 8360

Age (years), M (SD) 71.0(8.4)
Education (years), M (SD) 16.0(2.6)
Sex (female), N (%) 5409 (64.7%)
CDR-SOB, M (SD) 0.0(0.2)
Follow-up (years), M (SD) 5.4(3.3)
Progression to MCI, N (%)? 752 (9.3%)
Progression to dementia, N (%)° 351 (4.2%)
Participants with biomarker data

N 1608

Age (years), M (SD) 70.6 (7.1)
Education (years), M (SD) 16.4(2.4)
Sex (female), N (%) 979 (60.9%)
CDR-SOB, M (SD) 0.1(0.3)
Amyloid positivity, N (%)° 342 (21.3%)

Tau positivity, N (%) 156 (14.8%)

AT biomarker classification®

A-T-, N (%) 735 (69.9%)
A+T-, N (%) 160 (15.2%)
A-T+,N (%) 84 (8.0%)
A+T+, N (%) 72 (6.9%)
Follow-up (years), M (SD) 3.1(2.9)
Progression to MCI, N (%)" 70 (6.0%)
Progression to dementia, N (%) 24 (2.0%)

Note: Years of follow-up were truncated at 10 years (maximum follow-up in regression analyses).

Alzheimer’s &Dementia® | sof1s
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SCD-/MNPD+ SCD+ / MNPD- SCD+/MNPD+
937 3426 469
71.1(9.0) 71.0(8.2) 70.7 (8.8)
16.3(2.7) 15.9(2.7) 16.0(2.8)
558 (59.6%) 2091 (61.0%) 301 (64.2%)
0.1(0.2) 0.3(0.6) 0.5(0.7)
4.8(3.1) 5.1(3.1) 4.3(2.8)
201 (22.2%) 558 (16.9%) 155 (34.0%)
61(6.5%) 231(6.7%) 53(11.3%)
125 786 97
69.2(6.8) 71.4(7.2) 71.2(7.3)
16.4(2.5) 16.1(2.8) 16.3(2.7)
60 (48.0%) 421 (53.6%) 54(55.7%)
0.1(0.4) 0.3(0.6) 0.5(0.7)

25 (20.0%) 245 (31.2%) 32(33.3%)
7(9.9%) 93(17.0%) 16 (25.8%)
57 (80.3%) 345 (63.1%) 37(60.7%)
7(9.9%) 109 (19.9%) 8(13.1%)
2(2.8%) 33(6.0%) 3(4.9%)
5(7.0%) 60 (11.0%) 13(21.3%)
2.1(2.5) 3.5(2.9) 2.9(2.5)

14 (17.9%) 98 (16.0%) 31(44.9%)
1(1.2%) 21(3.3%) 7 (10.0%)

Abbreviations: A, amyloid positivity (present +, absent -); CDR-SOB, Clinical Dementia Rating—Sum of® Boxes; MCI, mild cognitive impairment; MNPD, minor
neuropsychological deficits (present +, absent -); SCD, subjective cognitive decline (present +, absent -); SD, standard deviation; T, tau positivity (present +,

absent -).

2Data missing in 422 individuals (n = 258 SCD-/MNPD-; n = 32 SCD-/MNPD+; n = 119 SCD+/MNPD-; n = 13 SCD+/MNPD+)

bData missing in 2 individuals (n = 2 SCD+/MNPD-)

“Data missing in 4 individuals (n = 2 SCD-/MNPD-; n = 1 SCD+/MNPD-; n = 1 SCD+/MNPD+)

dData missing in 882 individuals (n = 555 SCD-/MNPD-; n = 54 SCD-/MNPD+; n = 238 SCD+/MNPD-; n = 35 SCD+/MNPD+)
¢Data missing in 886 individuals (n = 557 SCD-/MNPD-; n = 54 SCD-/MNPD+; n = 239 SCD+/MNPD-; n = 36 SCD+/MNPD+)
fData missing in 691 individuals (n = 444 SCD-/MNPD-; n = 47 SCD-/MNPD+; n = 172 SCD+/MNPD-; n = 28 SCD+/MNPD-+)
gData missing in 593 individuals (n = 382 SCD-/MNPD-; n = 43 SCD-/MNPD+; n = 141 SCD+/MNPD-; n = 27 SCD+/MNPD+)

3.2 | Associations with AD biomarkers

Compared to SCD-/MNPD-, SCD+/MNPD- (odds ratio (OR) [95% con-
fidence interval] = 1.47[1.20-1.81], p < 0.001) and SCD+/MNPD+
(OR =1.64[1.04-2.59], p=0.03) had increased odds of amyloid pathol-
ogy (n = 2,616; Table 1; Tables S18-519). The odds of tau pathology
were increased in SCD+/MNPD+ (OR = 2.10[1.13-3.90], p = 0.02). In
the multinomial logistic regressions, SCD+/MNPD- (OR = 1.62[1.09-
2.39], p=0.02) and SCD+/MNPD+ (OR = 3.19[1.56-6.56], p = 0.002)

had higher odds for the A+T+ biomarker profile than SCD-/MNPD-
(Figure 3). Results from the individual studies are listed in the Sup-
plement (Tables S18-519). Associations with AD biomarkers tended
to be lower in NACC compared to the other cohorts. Adjustments for
race, Hispanic ethnicity, type of biomarker data, or vascular risk fac-
tors did not change the results (Tables S20-528). Adjustment for APOE
decreased the association between SCD+/MNPD+ and the odds for
amyloid and tau pathology as well as the A+/T+ biomarker profile
(Tables S26-528).
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Kaplan-Meier survival curves for the progression to MCI (A) and dementia (B) in all participants with clinical follow-up data. Risk

tables showing the number of participants at risk for MCI (A) or dementia (B) at each time point are displayed below the x-axes. The colored lines in
the figure legend indicate which groups correspond to which colors. MCI, mild cognitive impairment; MNPD, minor neuropsychological deficits
(present +, absent -); SCD, subjective cognitive decline (present +, absent —).

3.3 | Associations with clinical progression in
amyloid-positive participants

In amyloid-positive individuals (n = 497, Figure 3, Tables
S10-S11), SCD-/MNPD+ (HR = 4.99[2.03-12.26], p < 0.001),
SCD+/MNPD- (HR = 2.36[1.47-3.80], p < 0.001), and SCD+/MNPD+
(HR = 11.70[5.94-23.04], p < 0.001) had a higher risk of MCI than
SCD-/MNPD-. The risk of dementia was increased in SCD+/MNPD+
(Firth penalized HR = 9.07[2.91-28.29],p < 0.001).

Progression to MCI occurred on average 2.60[0.15-5.05],
1.29[0.43-2.15], and 5.89[4.15-7.63] years earlier in SCD-
/MNPD+, SCD+/MNPD-, and SCD+/MNPD+ compared to
SCD-/MNPD- (Table 2). Progression to dementia occurred on aver-
age 3.51[1.04-5.98] years earlier in SCD+/MNPD+ compared to
SCD-/MNPD-.

Results from the individual studies are listed in the Supplement
(Tables S10-S11) and individual Cox regression results are displayed
in Figure 4. Associations with the progression to MCI were consistent
across the cohorts, although the effect of SCD+/MNPD- was smaller in
ADNI compared to the other studies. Associations with the progression
to dementia differed more widely across cohorts and showed higher
statistical uncertainty (Figure 4). Adjustments for race, Hispanic eth-
nicity, type of biomarker data, vascular risk factors, and APOE did not
change the results (Tables S13-514,516-517,529-S33).

34 |
MCI

Prognostic utility for the 5-year prediction of

Across all participants with baseline amyloid information and clinical
progression data (n = 1,924), the rate of conversion to MCI within 5
years was 11%. Negative predictive values (NPVs) were high (90%-
94%) across all clinical groups (Figure 5 A-D, Table S34, Figures S4-S5).
The positive predictive value (PPV) was 19%[15%-22%] for partic-
ipants with SCD and/or MNPD, 18%[14%-22%] for SCD+ regard-
less of MNPD, and 43%[31%-55%] for MNPD+ regardless of SCD.
SCD-+/MNPD+ showed the highest PPV (53%[36%-69%)]).

In the complete sample, the sensitivity of amyloid positivity for
the progression to MCI within 5 years was 51%[43%-59%], and the
specificity was 79%[76%-82%). These values were similar across all
clinical groups (Table S34). Across all participants, the PPV of amy-
loid positivity was 24%[19%-29%]. It increased to 33%[25%-40%] in
participants with SCD and/or MNPD and to 34%[25%-42%] in those
with SCD regardless of MNPD. It increased further in participants
with MNPD regardless of SCD (57%[63%-78%]) and in SCD+/MNPD+
participants (81%[58%-103%)]). Conversely, the NPV of amyloid nega-
tivity was 93%[91%-94%)] across all clinical groups, 86%[83%-90%] in
participants with SCD and/or MNPD, 87%[84%-91%] in SCD+ regard-
less of MNPD, 72%[61%-84%] in MNDP+ regardless of SCD, and
68%[51%-84%] in SCD+/MNPD-+.
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TABLE 2 Restricted mean survival time (RMST) group differences.
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Unadjusted
All participants RMST[95% Cl]
Outcome: MCI
SCD-/MNPD- 9.20[9.15,9.26]
SCD-/MNPD+ 7.80[7.54,8.06]
SCD+/MNPD- 8.45[8.33,8.56]
SCD+/MNPD+ 6.446.02,6.86]

Outcome: Dementia

SCD-/MNPD- 9.69[9.65,9.72]
SCD-/MNPD+ 9.43[9.29,9.57]
SCD+/MNPD- 9.41[9.34,9.49]
SCD+/MNPD+ 8.85[8.56,9.13]

Amyloid-positive

participants RMST [95% Cl]
Outcome: MCI

SCD-/MNPD- 8.471[7.97,8.97]
SCD-/MNPD+ 5.73[3.50,7.95]
SCD+/MNPD- 7.01[6.40,7.62]
SCD+/MNPD+ 3.02[2.29,3.74]

Outcome: Dementia

SCD-/MNPD- 9.29[8.93,9.65]
SCD-/MNPD+ 10[10.00, 10.00]
SCD+/MNPD- 8.88[8.39,9.38]
SCD+/MNPD+ 6.20(5.28,7.13]

Covariate-adjusted regression

B[95% Cl] Wald p-value
NA NA NA
-1.39[-1.64,-1.14] 119.76 <0.001
—-0.70[-0.82,-0.58] 121.98 <0.001
—2.55[-2.94,-2.17] 170.59 <0.001
NA NA NA
-0.24[-0.37,-0.11] 12.88 <0.001
—0.30[-0.38,-0.22] 53.11 <0.001
-0.75[-0.99,-0.51] 37.37 <0.001
B[95% Cl] Wald p-value
NA NA NA
—2.60[-5.05,-0.15] 4.34 0.04
-1.29[-2.15,-0.43] 8.65 0.003
-5.89[-7.63,-4.15] 44,02 <0.001
NA NA NA
0.85[-0.16, 1.85] 2.73 0.098
-0.49[-1.12,0.14] 2.25 0.13
—3.51[-5.98,-1.04] 7.78 0.005

Note: The unadjusted results show the raw RMST—the average time until the progression to MCl/dementia—over 10 years of follow-up. The covariate
adjusted columns show the results of the pseudo-value regression analyses. These estimated the RMST differences between the SCD-/MNPD- reference
group and the SCD-/MNPD+, SCD+/MNPD-, and SCD+/MNPD+ groups. The regression analyses were adjusted for baseline age, years of education,
sex/gender, and study cohort. No dementia conversions were observed in the amyloid-positive SCD-/MNPD+ group.

Abbreviations: Cl, confidence interval; MCI, mild cognitive impairment; MNPD, minor neuropsychological deficits (present +, absent -); NA, not available;
RMST, restricted mean survival time; SCD, subjective cognitive decline (present +, absent -).

3.5 | Sample size simulation for clinical trials and
amyloid screenings

In clinical trials with amyloid-positive, cognitively unimpaired par-
ticipants, recruiting participants with SCD and/or MNPD or those
with SCD regardless of MNPD reduces the sample size per trial arm
from 969[800-1228] across all clinical groups to 620[505-803] and
622[503-815], respectively (Figure 5 E-F; Table S35). Recruiting indi-
viduals with MNPD regardless of SCD reduced the estimated sample
size to 290[222-417], and recruiting only SCD+/MNPD+ reduced it to
214[168-293].

The number of amyloid measurements required to achieve the esti-
mated sample sizes per arm could be reduced from 3930[3683-4213]
without symptomatic screening to 2065[1887-2280] in those with
SCD and/or MNPD, to 1978[1803-2192] in those with SCD regardless
of MNPD, to 1124[919-1448] in those with MNPD regardless of SCD,
and to 642[500-895] in SCD+/MNPD+ (Table S35).

4 | DISCUSSION
4.1 | Summary and discussion of key findings

In this large multi-sample study of CN participants, we showed that
individuals with SCD and/or MNPD—especially those with both—
have an increased risk of and decreased time until progression to
MCI and dementia. SCD+/MNPD- and SCD+/MNPD+ participants
additionally had higher rates of AD pathology. In amyloid-positive
SCD+/MNPD+ participants, the hazard of MCI and dementia over
10 years compared to amyloid-positive SCD-/MNPD- participants
increased almost 12-fold and 9-fold, respectively. Furthermore, the
PPV of amyloid pathology for the prediction of MCI more than tripled
in SCD+/MNPD+ compared to the entire sample. Additionally, shift-
ing recruitment strategies for clinical trials in preclinical AD from CN
to this subgroup could reduce sample size requirements by up to three

quarters.
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Forest plots displaying age-, sex-, and education-adjusted Cox regression results for the progression to MCI (A) and dementia (B) in

all participants with clinical follow-up data. Models in the pooled analyses were additionally adjusted for the cohorts. Cox regression models with
firth’s penalized maximum likelihood estimation were used for the dementia progression analyses in DELCODE due to the absence of dementia
conversions in the SCD-/MNPD- reference group. ADNI, Alzheimer’s Disease Neuroimaging Initiative; DELCODE, German Center for
Neurodegenerative Diseases Longitudinal Cognitive Impairment and Dementia study; MCI, mild cognitive impairment; MNPD, minor
neuropsychological deficits (present +, absent -); NACC, National Alzheimer’s Coordinating Center; SCD, subjective cognitive decline (present +,
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FIGURE 3 A)Stacked bar plots showing the proportion of the four A/T biomarker profiles in each of the four clinical groups in the sample of
participants with amyloid and tau data at baseline. (B, C) Kaplan-Meier survival curves for the progression to MCI (B) and dementia (C) in
amyloid-positive participants with clinical follow-up data. Risk tables showing the number of participants at risk for MCI (B) or dementia (C) at
each time point are displayed below the x-axes. The colored lines in the figure legend indicate which groups correspond to which colors. A, amyloid
positivity (present +, absent -); MCI, mild cognitive impairment; MNPD, minor neuropsychological deficits (present +, absent -); SCD, subjective
cognitive decline (present +, absent -); T, tau positivity (present +, absent —).

Our results align with previous studies in CN cohorts showing that
SCD7-94041 and MNPD12-154243 | defined by varying criteria,** are

associated with AD pathology and clinical progression. We provide

novel evidence on their combined prognostic significance and practical

relevance, including in amyloid-positive individuals. SCD+/MNPD+

individuals consistently had the highest progression risk and pro-
portion of AD pathology, while SCD-/MNPD+ and SCD+/MNPD-
participants had intermediate progression risks. MNPD in the absence

of SCD was not associated with AD pathology. These results sug-

gest that SCD and MNPD provide complementary information. The
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FIGURE 4 Forest plots displaying age-, sex-, and education-adjusted Cox regression results for the progression to MCI (A) and dementia (B) in
amyloid-positive participants with clinical follow-up data. Models in the pooled analyses were additionally adjusted for the cohorts. Cox regression
models with firth’s penalized maximum likelihood estimation were used for the dementia progression analyses due to the absence of dementia
conversions in the SCD-/MNPD+ group and the DELCODE SCD-/MNPD- group. ADNI, Alzheimer’s Disease Neuroimaging Initiative; DELCODE,
German Center for Neurodegenerative Diseases Longitudinal Cognitive Impairment and Dementia study; MCI, mild cognitive impairment; MNPD,
minor neuropsychological deficits (present +, absent -); NACC, National Alzheimer’s Coordinating Center; SCD, subjective cognitive decline

(present +, absent —).

presence of SCD may indicate that MNPD results from longitudinal
decline, consistent with early AD pathology, while MNPD by itself may
result from other disease pathways or indicate lifelong below-average
cognitive abilities. Conversely, MNPD provides objective support for
the subjective concerns of individuals with SCD.

Consistent with this reasoning, MNPD can enhance clinical stag-
ing in AD. We found that amyloid-positive individuals with SCD, that
is individuals in stage 2, were much closer in time to the progression
to MCI when they had MNPD, with an average progression time of
3.02[2.29-3.74] years compared to 7.01[6.40-7.62] in those with SCD
but without MNPD. These data show that the co-occurrence of SCD
and MNPD indicates a particularly high-risk group within AD stage 2.

This highly elevated risk of clinical progression in SCD+/MNPD+
participants could be observed in each individual cohort, indicating that
the high-risk status of this group persists across context factors such as
countries and recruitment settings. For the progression to MCl, results
were also largely consistent across the cohorts in the SCD-/MNPD+
and SCD+/MNPD- groups. The effect of SCD+/MNPD- was smaller in
ADNI compared to the other cohorts, likely in part due to the weaker
association between SCD and clinical progression in volunteer-based
recruitment settings.*%4> Results for the progression to dementia fol-
lowed a similar pattern in each cohort but showed more heterogeneity
and higher statistical uncertainty in the individual studies due to the
low frequency of dementia conversions in cognitively normal individ-
uals during the available follow-up period. In addition, AD biomarker
associations tended to be attenuated in NACC compared to ADNI and
DELCODE, possibly due to the lack of a single, standardized biomarker

assessment protocol across the different NACC study centers.

42 |
trials

Implications for risk prediction and clinical

Focusing on AD stage 2 and MNPD could facilitate the translation
of early treatments into healthcare. Amyloid-targeting antibodies®’38
will likely not be authorized for broad preventative use among all
amyloid-positive CN in most healthcare systems. In particular, the
cost-benefit-risk ratio of anti-amyloid treatments may be insufficient
in asymptomatic amyloid-positive individuals in AD stage 1, due to
their low risk of short-term progression. In our study, the major-
ity of amyloid-positive CN without MNPD and SCD did not develop
MCI within 5 years (14%[8%-20%] PPV of amyloid positivity). How-
ever, in patients in AD stage 2, who seek medical help due to their
subtle symptoms and ask for medication, these treatments could be
justified—especially among high-risk individuals who also have MNPD.

Accordingly, our power calculations suggest the consideration of
subtle symptoms in preclinical AD could mitigate the risk of costly,
unsuccessful clinical trials in preclinical AD, caused by a lack of cog-
nitive decline in placebo groups, and reduce amyloid screening failure
rates. Based on our data, a clinical trial with amyloid-positive indi-
viduals with SCD would need only 64% of the sample size and 50%
of the biomarker screenings required for a trial in preclinical AD
without symptomatic selection criteria. A trial with amyloid-positive
SCD+/MNPD+ participants could even reduce these figures to 22%
and 16%, respectively, compared to a trial with any amyloid-positive
CN. These findings illustrate how subtle symptoms can enable trials
in preclinical AD using the clinically relevant progression to MCI as

the outcome measure. Importantly, the inclusion of SCD and MNPD
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FIGURE 5 (A B)Bar plots representing the PPV (A) and NPV (B) of four clinical criteria for the progression to MCl over 5 years of follow-up.
We compared the prognostic value of the presence of any clinical symptom (SCD+ or MNPD+), SCD (SCD+), MNPD (MNPD+), and both SCD and
MNPD (SCD+/MNPD+). The hatched patterns show the rate of progression across all clinical groups. (C, D) Bar plots representing the PPV (C) and
NPV (D) of amyloid positivity for the progression to MCl over 5 years of follow-up in the different clinical groups (all clinical groups [All],
participants without SCD or MNPD [SCD-/MNPD-], participants with SCD or MNPD [SCD+ or MNPD-], participants with SCD [SCD+],
participants with MNPD [MNPD+], and participants with SCD and MNPD [SCD+/MNPD-+]). (E) Estimated sample sizes per trial arm necessary to
detect a 30% reduction in the risk of progression to MCl over 4.5 years of follow-up across different clinical inclusion criteria (all clinical groups
[All], participants with SCD or MNPD [SCD+ or MNPD+], participants with SCD [SCD+], participants with MNPD [MNPD+], and participants with
SCD and MNPD [SCD+/MNPD+]). (F) Estimated number of biomarker screenings necessary to reach the sample sizes estimated in Figure 3E.
These estimates were calculated by dividing the estimated trial sizes per arm in Figure 3E by the proportion of amyloid-positive participants in
each clinical group. MCI, mild cognitive impairment; NPV, negative predictive value; MNPD, minor neuropsychological deficits (present +, absent
-); SCD, subjective cognitive decline (present +, absent -); PPV, positive predictive value.
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in the recruitment for clinical trials in preclinical AD would require no
additional resources, since cognitive assessments are already required
to rule out MCI. The recruitment of individuals with MNPD and
SCD could be further empowered by remote digital prescreening or
cognitive screening in primary care.*¢

Finally, our analyses show that preclinical cognitive phenotyping
modifies the prognostic value that can be obtained from amyloid
biomarker testing. In asymptomatic individuals, a negative amyloid test
result is linked to a very low 5-year risk of MCI (NPV = 93%[91%-
94%]), while a positive result alone does not indicate a high risk for
progression (PPV = 14%[8%-20%]). In contrast, in SCD+/MNPD+, a
positive test result becomes substantially more informative for the
5-year risk of MCI (PPV = 81%[58%-103%]). However, the NPV
of amyloid testing is lower (68%[51%-84%)]), highlighting the need
for the assessment of further causes of these symptoms. These
substantial discrepancies in prognostic values should be taken into
account before the conduction and disclosure of biomarker assess-
ments in CN. These considerations are also highly relevant for the
recently proposed Brain Health Service initiative, which develops
conceptual and practical approaches for secondary dementia pre-
vention and aims to develop individualized, multi-variate risk esti-
mates for use in risk counseling.l”-'® We propose that SCD and
MNPD should be incorporated into these risk calculations. These
symptoms not only enable the identification of individuals with an
increased risk of clinical progression, but do so beyond modifiable
risk factors such as BMI, hypertension, hypercholesterolemia, and
diabetes.

Importantly, the median-based MNPD criterion used here does not
require specific cognitive tests and showed consistent associations
with progression across several studies, fulfilling a key prerequisite for
wider implementation in clinical trials and risk counseling. However,
varying MNPD criteria have been proposed and may differ in their
prognostic utility.** This should be taken into account in the context
of any practical implementation of MNPD.

4.3 | Limitations and future directions

Our study has limitations. The operationalization of some key vari-
ables, particularly SCD and AD pathology, varied between the included
studies. The assessment of SCD in NACC and ADNI-1 relied on only
one item and was memory-specific, while the other cohorts assessed
concerns in several cognitive domains. This heterogeneity potentially
lead to an underestimation of the association between SCD and
the study outcomes and limits the generalizability of our findings to
self-perceived changes in non-memory domains. In NACC, biomarker
assessments, relying on local study center procedures, were especially
heterogeneous, and CSF tau data records reflected either p-tau or total
tau. However, biomarker results remained consistent after excluding
NACC participants (Tables $18-519). In ADNI, we used CSF AB42 to
measure amyloid pathology, instead of the AB42/40 ratio,*” because
AB40 was not consistently available. Finally, the generalizability of our

findings is limited by the insufficient diversity of our sample.

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

Future studies should examine the additional diagnostic and prog-
nostic value of neurobehavioral symptoms beyond the cognitive symp-
toms investigated here, since they can also be early manifestations
of preclinical AD and are recognized as symptoms of AD stage 2 in
current diagnostic guidelines.> Moreover, more research is needed to
understand the combined prognostic value of subtle clinical symp-
toms and AD biomarkers, particularly tau PET-based AD staging, in
CN populations. Finally, future studies should systematically com-
pare different MNPD operationalizations and cognitive performance
thresholds to ideally suggest a harmonized assessment standard for
the still heterogeneous field of MNPD research.*

5 | CONCLUSIONS

In conclusion, our data highlights the importance of refining the con-
cept of preclinical AD. Not considering subtle symptoms like SCD and
MNPD increases the costs and failure risks of clinical trials. These
symptoms are also relevant for risk counseling and the decision to con-
duct biomarker assessments, as well as the interpretation of biomarker
test results, particularly in light of the increasing availability of plasma
biomarkers. In the future, they may also become important for the
decision to prescribe preventative treatments for preclinical AD.

AFFILIATIONS
1Department of Old Age Psychiatry and Cognitive Disorders, University Hospital
Bonn, University Bonn, Bonn, Germany

2German Center for Neurodegenerative Diseases (DZNE) Bonn, Bonn, Germany

3Department of Nuclear Medicine, Campus Virchow-Klinikum, Charité - Univer-
sitatsmedizin Berlin, Berlin, Germany

4Department of Psychiatry and Psychotherapy, University Medical Center Goet-
tingen, University of Goettingen, Goettingen, Germany

5Clinical Functional Imaging Group, Department of Nuclear Medicine, University
Hospital Bonn, Bonn, Germany

SDepartment of Diagnostic and Interventional Radiology and Nuclear Medicine,
University Medical Center Hamburg-Eppendorf, Hamburg, Germany

7German Center for Neurodegenerative Diseases (DZNE) Munich, Munich,
Germany

8|nstitute for Stroke and Dementia Research (ISD), University Hospital, LMU
Munich, Munich, Germany

?Department of Nuclear Medicine, Faculty of Medicine and University Hospital
Cologne, University of Cologne, Cologne, Germany

10|nstitute of Neuroscience and Medicine (INM-2), Molecular Organization of
the Brain, Forschungszentrum Jilich, Julich, Germany

11German Center for Neurodegenerative Diseases (DZNE) Magdeburg, Magde-
burg, Germany

12|nstitute of Cognitive Neurology and Dementia Research (IKND), Otto-von-
Guericke University, Magdeburg, Germany

13German Center for Neurodegenerative Diseases (DZNE) Berlin, Berlin, Ger-
many

14Department of Psychiatry and Psychotherapy, Campus Benjamin Franklin,
Charité - Universitatsmedizin Berlin, Berlin, Germany

15ECRC Experimental and Clinical Research Center, Charité - Universitatsmedi-
zin Berlin, Berlin, Germany

16Department of Nuclear Medicine, University Hospital Bonn, Bonn, Germany



wo1s | Alzheimer’s &P Dementia’

STARKET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

17Department of Neuropsychiatry, Department of Psychiatry and Psychother-
apy, Campus Charité Mitte, Charité - Universitatsmedizin Berlin, Berlin, Ger-
many

18German Center for Neurodegenerative Diseases (DZNE) Rostock, Rostock,
Germany

19Department of Psychosomatic Medicine, Rostock University Medical Center,
Rostock, Germany

20Department of Nuclear Medicine, Rostock University Medical Centre, Rostock,
Germany

21German Center for Neurodegenerative Diseases (DZNE) Tuebingen, Tuebin-
gen, Germany

22gection for Dementia Research, Hertie Institute for Clinical Brain Research
and Department of Psychiatry and Psychotherapy, University of Tuebingen,
Tuebingen, Germany

23Department of Psychiatry, Medical Faculty, University of Cologne, Cologne,
Germany

24Department of Psychiatry and Psychotherapy, University Hospital, LMU
Munich, Munich, Germany

25Munich Cluster for Systems Neurology (SyNergy), Munich, Germany

26 Ageing Epidemiology Research Unit (AGE), School of Public Health, Imperial
College London, London, UK

27Department of Psychiatry and Psychotherapy, School of Medicine, Technical
University of Munich, Munich, Germany

28University of Edinburgh and UK DRI, Edinburgh, UK

29Department of Neuroradiology, University Hospital, LMU Munich, Munich,
Germany

30Sheffield Institute for Translational Neuroscience (SITraN), University of
Sheffield, Sheffield, UK

31Department of Nuclear Medicine and Clinical Molecular Imaging, Eberhard-
Karls-University, Tuebingen, Germany

32Department of Nuclear Medicine, Ludwig-Maximilian-University Munich,
Munich, Germany

33Department of Nuclear Medicine, Inselspital, Bern University Hospital, Univer-
sity of Bern, Bern, Switzerland

34|nstitute for Medical Biometry, Informatics and Epidemiology, University
Hospital Bonn, Bonn, Germany

35Department of Psychiatry and Psychotherapy, University of Tuebingen, Tuebin-
gen, Germany

36Department of Neurology, University of Bonn Medical Center, Bonn, Germany

37German Center for Neurodegenerative Diseases (DZNE) Goettingen, Goettin-
gen, Germany

38Neurosciences and Signaling Group, Institute of Biomedicine (iBiIMED),
Department of Medical Sciences, University of Aveiro, Aveiro, Portugal

3?Excellence Cluster on Cellular Stress Responses in Aging-Associated Diseases
(CECAD), University of Cologne, Cologne, Germany

ACKNOWLEDGMENTS

This work was funded by the Hertie Network of Excellence in Clin-
ical Neuroscience research (P1230010). The collection, preparation,
and sharing of DELCODE data was funded by the DZNE (refer-
ence number BNO12). Florbetaben PET scans in DELOCDE were
funded by Life Molecular Imaging. Data collection and sharing for
this project was in part funded by the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI) (National Institutes of Health Grant UO1
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 Bioengineer-
ing, and through generous contributions from the following: AbbVie,
Alzheimer’s Association; Alzheimer’s Drug Discovery Foundation; Ara-
clon Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company;
CereSpir, Inc.; Cogstate; Eisai Inc; Elan Pharmaceuticals, Inc.; Eli
Lilly and Company; Eurolmmun; 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 Pharma-
ceuticals Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda
Pharmaceutical Company; and Transition Therapeutics. The Canadian
Institutes of Health Research is providing funds to support ADNI clini-
cal 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 Ther-
apeutic Research Institute at the University of Southern California.
ADNI data are disseminated by the Laboratory for Neuro Imaging at
the University of Southern California. The NACC database is funded
by NIA/NIH Grant U24 AG072122. NACC data are contributed by
the NIA-funded ADRCs: P30 AG062429 (Pl James Brewer, MD, PhD),
P30 AG066468 (Pl Oscar Lopez, MD), P30 AG062421 (Pl Bradley
Hyman, MD, PhD), P30 AG066509 (Pl Thomas Grabowski, MD), P30
AG066514(Pl Mary Sano, PhD), P30 AG066530 (Pl Helena Chui,
MD), P30 AG066507 (Pl Marilyn Albert, PhD), P30 AG066444 (PI
David Holtzman, MD), P30 AG066518 (PI Lisa Silbert, MD, MCR), P30
AG066512 (Pl Thomas Wisniewski, MD), P30 AG066462 (Pl Scott
Small, MD), P30 AG072979 (PI David Wolk, MD), P30 AG072972 (PI
Charles DeCarli, MD), P30 AG072976 (Pl Andrew Saykin, PsyD), P30
AGO072975 (PI Julie A. Schneider, MD, MS), P30 AG072978 (Pl Ann
McKee, MD), P30 AG072977 (Pl Robert Vassar, PhD), P30 AG066519
(PI Frank LaFerla, PhD), P30 AG062677 (Pl Ronald Petersen, MD,
PhD), P30 AG079280 (Pl Jessica Langbaum, PhD), P30 AG062422
(PI Gil Rabinovici, MD), P30 AG066511 (Pl Allan Levey, MD, PhD),
P30 AG072946 (Pl Linda Van Eldik, PhD), P30 AG062715 (Pl San-
jay Asthana, MD, FRCP), P30 AG072973 (PI Russell Swerdlow, MD),
P30 AG066506 (Pl Glenn Smith, PhD, ABPP), P30 AG066508 (PI
Stephen Strittmatter, MD, PhD), P30 AG066515 (Pl Victor Hender-
son, MD, MS), P30 AG072947 (Pl Suzanne Craft, PhD), P30 AG072931
(PI Henry Paulson, MD, PhD), P30 AG066546 (Pl Sudha Seshadri,
MD), P30 AG086401 (Pl Erik Roberson, MD, PhD), P30 AG086404
(PI Gary Rosenberg, MD), P20 AG068082 (Pl Angela Jefferson, PhD),
P30 AG072958 (Pl Heather Whitson, MD), P30 AG072959 (Pl James
Leverenz, MD).

Open access funding enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT

Claudia Bartels has received honoraria as a diagnostic consultant
for Boehringer Ingelheim, as a commercial advisory board member
for Lilly, and for lectures from Boehringer Ingelheim, Roche, Lilly,

and Eisai. Claudia Bartels has received funding from the German



STARKET AL.

Alzheimer’s &Dementia® | 1sof1s

Alzheimer Association. Henning Boecker has received honoraria for
expert testimony provided to the Dementia Research Switzerland—
Synapsis Foundation. Katharina Buerger has received honoraria from
Eisai, Lilly, and Roche and travel grants from Lilly and Novo Nordisk.
Alexander Drzezga reports the following disclosures. Research Sup-
port: Siemens Healthineers, Life Molecular Imaging, GE Healthcare,
AVID Radiopharmaceuticals, Sofie, Eisai, Novartis/AAA, Ariceum Ther-
apeutics; Speaker Honoraria / Advisory Boards: Siemens Healthineers,
Sanofi, GE Healthcare, Biogen, Novo Nordisk, Invicro, Novartis/AAA,
Bayer Vital, Lilly, Peer View Institute for Medical Education, Interna-
tional Atomic Energy Agency; Stock: Siemens Healthineers, Lantheus
Holding, Lilly; Patent for 18F-JK-PSMA-7 (Patent No.: EP3765097A1;
Date of patent: January 20, 2021); Grants: DFG Grants SFB 1451 C04,
DR 445/9-1. Klaus Fliessbach has received honoraria from the RG
Gesellschaft fiir Information und Organisation mbH. Franziska Maier
has received honoraria from Novo Nordisk and a travel grant from
Johnson & Johnson. Franziska Maier is an advisory board member for
Johnson & Johnson and Lilly. Robert Perneczky has received grants
from Roche. Robert Perneczky has received consulting fees and hon-
oraria from Roche, Biogen, GSK, BMS, Schwabe, Tabuk, Johnson &
Johnson, Eisai, and Eli Lilly. Robert Perneczky holds stock in Medo-
trax GmbH and Vistim Labs Ltd. Oliver Peters has received consulting
fees from Biogen, Eisai, Grifols, Noselab, Novo Nordisk, Prinnovation,
and Roche and honoraria from Eisai, Lilly, and Roche. Oliver Peters is
an advisory board member for Eisai, Grifols, Neurimmune, Noselab,
Roche, and Novartis. Oliver Peters is a board member of the German
Dementia Competence Network and the Hirnliga. Josef Priller reports
the following disclosures. Travel Grant: EHDN/CHDI. Patents: EPO
variantsSinapps2. Advisory Board: Sinapps2. Board/Society Mem-
bership: DGPPN, DGGPP, DGBP, DZNE, UK DRI, and DZPG. Axel
Rominger has received grants from Novartis, Siemens Healthineers,
and the Swiss National Science Foundation and honoraria from
Siemens Healthineers. Anja Schneider has received grants from BMBF,
BMG, tALS, and the Schick Foundation and research support from
Vectory. Anja Schneider is an advisory board member for Biogen and
CELIA and a board/society member of the DGBP. Eike Jakob Spruth
has received honoraria from the Alzheimer Gesellschaft Berlin e V. Ste-
fan Teipe has received honoraria from Thieme, RG Arztefortbildung
GmbH, Lilly, and Eisai. Stefan Teipe reports data monitoring committee
membership for the Biogen ENVISION study and advisory board mem-
berships for Roche, Biogen, Grifols, Eisai, Lilly, and GE Healthcare. Jens
Wiltfang has received consulting fees from Immungenetics, Noselab,
and Roboscreen and honoraria from Beeijing Yibai Science and Tech-
nology Ltd., Gloryren, Janssen Cilag, Pfizer, Med Update GmbH, Roche,
and Lilly. Jens Wiltfang reports the following patents: PCT/EP 2011
001724, PCT/EP 2015 052945. Jens Wiltfang reports advisory board
memberships for Biogen, Abbott, Boehringer Ingelheim, Lilly, MSD
Sharp & Dohme, and Roche. Jens Wiltfang reports board/society mem-
berhsips with AGNP, DGLN, DGPPN, Hirnliga, and CSF-Society. Emrah
Diize has received consulting fees and honoraria from Lilly Roche, and
Eisai. Emrah Dize is a co-founder and holds stock options in neotiv

GmbH. Frank Jessen has received fees for advice and presentations

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

from AC immune, Biogen, Cogthera, Eisai, Eli Lilly, Grifols, Janssen,
Novo Nordisk, and Roche. The remaining authors report no conflicts
of interest relevant to this work. Author disclosures are available in the

supporting information.

CONSENT
All participants provided written informed consent.

ORCID
Melina Stark
Luca Kleineidam

https://orcid.org/0009-0005-3812-023X
https://orcid.org/0009-0006-3309-6856

References

1. JiaJ,NingY, Chen M, et al. Biomarker changes during 20 years preced-
ing Alzheimer’s disease. N Engl J Med. 2024;390(8):712-722. 10.1056/
NEJMo0a2310168

2. Caselli RJ, Langlais BT, Dueck AC, et al. Neuropsychological decline
up to 20 years before incident mild cognitive impairment. Alzheimers
Dement. 2020;16(3):512-523. 10.1016/}.jalz.2019.09.085

3. Jack CR,Andrews JS,Beach TG, et al. Revised criteria for diagnosis and
staging of Alzheimer’s disease: Alzheimer’s association workgroup.
Alzheimers Dement. 2024;20(8):5143-5169. 10.1002/alz.13859

4. Moscoso A, Heeman F, Raghavan S, et al. Frequency and clinical out-
comes associated with tau positron emission tomography positivity.
JAMA. 2025;334(3):229-242. 10.1001/jama.2025.7817

5. Strikwerda-Brown C, Hobbs DA, Gonneaud J, et al. Association of ele-
vated amyloid and tau positron emission tomography signal with near-
term development of Alzheimer disease symptoms in older adults
without cognitive impairment. JAMA Neurol. 2022;79(10):975-985. 10.
1001/jamaneurol.2022.2379

6. Ossenkoppele R, Groot C, et al. Amyloid and tau PET-positive cog-
nitively unimpaired individuals are at high risk for future cogni-
tive decline. Nat Med. 2022;28(11):2381-2387.10.1038/s41591-022-
02049-x

7. Jessen F, Wolfsgruber S, Kleineindam L, et al. Subjective cognitive
decline and stage 2 of Alzheimer disease in patients from memory
centers. Alzheimers Dement. 2023;19(2):487-497.10.1002/alz.12674

8. ShaoK, Hu X, Kleineidam L, et al. Amyloid and SCD jointly predict cog-
nitive decline across Chinese and German cohorts. Alzheimers Dement.
2024;20(9):5926-5939.10.1002/alz.14119

9. Vogel JW, Varga Dolezalova, M, La Joie R, et al. Subjective cog-
nitive decline and B-amyloid burden predict cognitive change in
healthy elderly. Neurology. 2017;89(19):2002-2009. 10.1212/WNL.
0000000000004627

10. Nation DA, Ho JK, Dutt S, Han SD, Lai MHC. Alzheimer’s disease neu-
roimaging initiative. neuropsychological decline improves prediction
of dementia beyond alzheimer’s disease biomarker and mild cogni-
tive impairment diagnoses. J Alzheimers Dis. 2019;69(4):1171-1182.
10.3233/JAD-180525

11. Schaeverbeke JM, Gabel S, Meersmans K, et al. Baseline cognition
is the best predictor of 4-year cognitive change in cognitively intact
older adults. Alzheimers Res Ther. 2021;13(1):75. 10.1186/s13195-
021-00798-4

12. Stark M, Wolfsgruber S, Kleineidam L, et al. Relevance of
minor neuropsychological deficits in patients with subjec-
tive cognitive decline. Neurology. 2023;101(21):e2185-e2196.
10.1212/WNL.0000000000207844

13. Ryu SY, Hong YJ, Ho S, et al. Subtle cognitive deficits are asso-
ciated with amyloid-f positivity, but not severity of self-reported
decline: results from the CoSCo study. Dement Geriatr Cogn Disord.
2022;51(2):159-167.10.1159/000523971


https://orcid.org/0009-0005-3812-023X
https://orcid.org/0009-0005-3812-023X
https://orcid.org/0009-0006-3309-6856
https://orcid.org/0009-0006-3309-6856
http://10.1056/NEJMoa2310168
http://10.1056/NEJMoa2310168
http://10.1016/j.jalz.2019.09.085
http://10.1002/alz.13859
http://10.1001/jama.2025.7817
http://10.1001/jamaneurol.2022.2379
http://10.1001/jamaneurol.2022.2379
http://10.1038/s41591-022-02049-x
http://10.1038/s41591-022-02049-x
http://10.1002/alz.12674
http://10.1002/alz.14119
http://10.1212/WNL.0000000000004627
http://10.1212/WNL.0000000000004627
http://10.3233/JAD-180525
http://10.1186/s13195-021-00798-4
http://10.1186/s13195-021-00798-4
http://10.1212/WNL.0000000000207844
http://10.1159/000523971

uor1s | Alzheimer’s &PDementia’

14.
15.
16.

17.

18.
19.
20.
21
22.

23.
24.
25.

26.

27.

28.

29.

STARKET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Ryu SY, Lee C, Ho SH, et al. Longitudinal analysis of objective and
self-reported cognitive functions in individuals with subjective cogni-
tive decline. Dement Geriatr Cogn Disord. 2025:1-17. 10.1159/00054-
3230

Thomas KR, Weigand AJ, Edwards LC, et al. Tau levels are higher in
objective subtle cognitive decline but not subjective memory com-
plaint. Alzheimers Res Ther. 2022;14(1):114. 10.1186/s13195-022-
01060-1

Dubois B, Villain N, Schneider L, et al. Alzheimer disease as a clinical-
biological construct-an international working group recommenda-
tion. JAMA Neurol. 2024;81(12):1304-1311. 10.1001/jamaneurol.
2024.3770

Frisoni GB, Ribaldi F, Allali G, et al. Brain health services for the
secondary prevention of cognitive impairment and dementia: oppor-
tunities, challenges, and the business case for existing and future
facilities. J Prev Alzheimers Dis. 2025;12(5):100098. 10.1016/j.tjpad.
2025.100098

Frisoni GB, Altomare D, Ribaldi F, et al. Dementia prevention in mem-
ory clinics: recommendations from the European task force for brain
health services. Lancet Reg Health Eur. 2023;26:100576. 10.1016/j.
lanepe.2022.100576

Jessen F, Spottke A, Boecker H, et al. Design and first baseline
data of the DZNE multicenter observational study on predementia
Alzheimer's disease (DELCODE). Alzheimers Res Ther. 2018;10(1):15.
10.1186/513195-017-0314-2

Weiner MW, Veitch DP, Aisen PS, et al. The Alzheimer’s disease neu-
roimaging initiative 3: continued innovation for clinical trial improve-
ment. Alzheimers Dement. 2017;13(5):561-571. 10.1016/j.jalz.2016.
10.006

Besser L, Kukull W, Knopman DS, et al. Version 3 of the
National Alzheimer’s Coordinating Center’s Uniform Data Set.
Alzheimer Dis Assoc Disord. 2018;32(4):351-358. 10.1097/WAD.
0000000000000279

Jessen F, Amariglio RE, van Boxtel M, et al. A conceptual framework
for research on subjective cognitive decline in preclinical Alzheimer’s
disease. Alzheimers Dement. 2014;10(6):844-852. 10.1016/j.jalz.2014.
01.001

Kiselica AM, Karr JE, Mikula CM, et al. Recent advances in neuropsy-
chological test interpretation for clinical practice. Neuropsychol Rev.
2024;34(2):637-667.10.1007/511065-023-09596- 1

Berres M, Monsch AU, Bernasconi F, Thalmann B, Stahelin HB. Nor-
mal ranges of neuropsychological tests for the diagnosis of Alzheimer’s
disease. Stud Health Technol Inform. 2000;77:195-199.

Stricker NH, Christianson TJ, Lundt ES, et al. Mayo normative
studies: regression-based normative data for the Auditory Verbal
Learning Test for ages 30-91 years and the importance of adjust-
ing for sex. J Int Neuropsychol Soc. 2021;27(3):211-226. 10.1017/
S1355617720000752

Weintraub S, Besser L, Dodge HH, et al. Version 3 of the Alzheimer dis-
ease centers’ neuropsychological test battery in the Uniform Data Set
(UDS). Alzheimer Dis Assoc Disord. 2018;32(1):10-17. 10.1097/WAD.
0000000000000223

Shirk SD, Mitchell MB, Shaughnessy LW, et al. A web-based norma-
tive calculator for the Uniform Data Set (UDS) neuropsychological test
battery. Alzheimers Res Ther. 2011;3(6):32. 10.1186/alzrt94

Bondi MW, Edmonds EC, Jak AJ, et al. Neuropsychological criteria for
mild cognitive impairment improves diagnostic precision, biomarker
associations, and progression rates. J Alzheimers Dis. 2014;42(1):275-
289.10.3233/JAD- 140276

Mistridis P, Egli SC, lverson GL, et al. Considering the base rates
of low performance in cognitively healthy older adults improves the
accuracy to identify neurocognitive impairment with the consortium
to establish a registry for Alzheimer’s disease-neuropsychological
assessment battery (CERAD-NAB). Eur Arch Psychiatry Clin Neurosci.
2015;265(5):407-417. 10.1007/s00406-014-0571-z

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Oltra-Cucarella J, Sdnchez-SanSegundo M, Lipnicki DM, et al. Using
base rate of Low Scores to identify progression from amnestic
mild cognitive impairment to Alzheimer’s disease. J Am Geriatr Soc.
2018;66(7):1360-1366.10.1111/jgs. 15412

McKhann GM, Knopman DS, Chertkow H, et al. The diagnosis of
dementia due to Alzheimer’s disease: recommendations from the
National Institute on Aging-Alzheimer’s Association Workgroups on
diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
2011;7(3):263-269. 10.1016/j.jalz.2011.03.005

La Joie R, Ayakta N, Seeley WW, et al. Multisite study of the
relationships between antemortem [11C]PIB-PET centiloid values
and postmortem measures of Alzheimer's disease neuropathol-
ogy. Alzheimers Dement. 2019;15(2):205-216. 10.1016/j.jalz.2018.09.
001

Dumurgier J, Sabia S, Zetterberg H, et al. A pragmatic, data-driven
method to determine cutoffs for CSF biomarkers of Alzheimer disease
based on validation against PET imaging. Neurology. 2022;99(7):e669-
e678.10.1212/WNL.0000000000200735

Heinze G, Schemper M. A solution to the problem of monotone like-
lihood in Cox regression. Biometrics. 2001;57(1):114-119. 10.1111/j.
0006-341x.2001.00114.x

Ambrogi F, lacobelli S, Andersen PK. Analyzing differences between
restricted mean survival time curves using pseudo-values. BMC Med
Res Methodol. 2022;22(1):71.10.1186/s12874-022-01559-z

Blanche P, Dartigues J-F, Jacgmin-Gadda H. Estimating and com-
paring time-dependent areas under receiver operating characteristic
curves for censored event times with competing risks. Stat Med.
2013;32(30):5381-5397.10.1002/sim.5958

van Dyck CH, Swanson CJ, Aisen P, et al. Lecanemab in early
Alzheimer’s disease. N Engl J Med. 2023;388(1):9-21. 10.1056/
NEJMo0a2212948

Sims JR, Zimmer JA, Evans CD, et al. Donanemab in early symptomatic
Alzheimer disease: the TRAILBLAZER-ALZ 2 randomized clinical trial.
JAMA. 2023;330(6):512-527.10.1001/jama.2023.13239

Sperling RA, Donohue MC, Raman R, et al. Trial of solanezumab in pre-
clinical Alzheimer’s disease. N Engl J Med. 2023;389(12):1096-1107.
10.1056/NEJM0a2305032

Pike KE, Cavuoto MG, Li L, Wright BJ, Kinsella GJ. Subjective cog-
nitive decline: level of risk for future dementia and mild cognitive
impairment, a meta-analysis of longitudinal studies. Neuropsychol Rev.
2022;32(4):703-735. 10.1007/s11065-021-09522-3

Sperling RA, Donohue MC, Raman R, et al. Association of factors
with elevated amyloid burden in clinically normal older individ-
uals. JAMA Neurol. 2020;77(6):735-745. 10.1001/jamaneurol.2020.
0387

Toledo JB, Bjerke M, Chen K, et al. Memory, executive, and mul-
tidomain subtle cognitive impairment: clinical and biomarker find-
ings. Neurology. 2015;85(2):144-153. 10.1212/WNL.000000000000-
1738

Thomas KR, Bangen KJ, Weigand AJ, et al. Objective subtle cog-
nitive difficulties predict future amyloid accumulation and neu-
rodegeneration. Neurology. 2020;94(4):e397-e406. 10.1212/WNL.
0000000000008838

Thomas KR, Edmonds EC. Objective criteria for subtle cogni-
tive decline in aging and preclinical Alzheimer disease: a sys-
tematic review. Neurology. 2025;104(9):e213536. 10.1212/WNL.
0000000000213536

Slot RER, Sikkes SAM, Berkhof J, et al. Subjective cognitive decline
and rates of incident Alzheimer’s disease and non-Alzheimer’s dis-
ease dementia. Alzheimers Dement. 2019;15(3):465-476. 10.1016/j.
jalz.2018.10.003

Langbaum JB, Zissimopoulos J, Au R, et al. Recommendations to
address key recruitment challenges of Alzheimer’s disease clin-
ical trials. Alzheimers Dement. 2023;19(2):696-707. 10.1002/alz.
12737


http://10.1159/000543230
http://10.1159/000543230
http://10.1186/s13195-022-01060-1
http://10.1186/s13195-022-01060-1
http://10.1001/jamaneurol.2024.3770
http://10.1001/jamaneurol.2024.3770
http://10.1016/j.tjpad.2025.100098
http://10.1016/j.tjpad.2025.100098
http://10.1016/j.lanepe.2022.100576
http://10.1016/j.lanepe.2022.100576
http://10.1186/s13195-017-0314-2
http://10.1016/j.jalz.2016.10.006
http://10.1016/j.jalz.2016.10.006
http://10.1097/WAD.0000000000000279
http://10.1097/WAD.0000000000000279
http://10.1016/j.jalz.2014.01.001
http://10.1016/j.jalz.2014.01.001
http://10.1007/s11065-023-09596-1
http://10.1017/S1355617720000752
http://10.1017/S1355617720000752
http://10.1097/WAD.0000000000000223
http://10.1097/WAD.0000000000000223
http://10.1186/alzrt94
http://10.3233/JAD-140276
http://10.1007/s00406-014-0571-z
http://10.1111/jgs.15412
http://10.1016/j.jalz.2011.03.005
http://10.1016/j.jalz.2018.09.001
http://10.1016/j.jalz.2018.09.001
http://10.1212/WNL.0000000000200735
http://10.1111/j.0006-341x.2001.00114.x
http://10.1111/j.0006-341x.2001.00114.x
http://10.1186/s12874-022-01559-z
http://10.1002/sim.5958
http://10.1056/NEJMoa2212948
http://10.1056/NEJMoa2212948
http://10.1001/jama.2023.13239
http://10.1056/NEJMoa2305032
http://10.1007/s11065-021-09522-3
http://10.1001/jamaneurol.2020.0387
http://10.1001/jamaneurol.2020.0387
http://10.1212/WNL.0000000000001738
http://10.1212/WNL.0000000000001738
http://10.1212/WNL.0000000000008838
http://10.1212/WNL.0000000000008838
http://10.1212/WNL.0000000000213536
http://10.1212/WNL.0000000000213536
http://10.1016/j.jalz.2018.10.003
http://10.1016/j.jalz.2018.10.003
http://10.1002/alz.12737
http://10.1002/alz.12737

STARKET AL.

Alzheimer’s &Dementia® | 1sof1s

47. Hansson O, Lehmann S, Otto M, Zetterberg H, Lewczuk P. Advan-
tages and disadvantages of the use of the CSF Amyloid 3 (Ap) 42/40
ratio in the diagnosis of Alzheimer’s disease. Alzheimers Res Ther.
2019;11(1):34. 10.1186/s13195-019-0485-0

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

How to cite this article: Stark M, Wagner M, Kuhn E, et al.
Minor neuropsychological deficits and stage 2 of Alzheimer’s
disease. Alzheimer’s Dement. 2026;22:e71458.
https://doi.org/10.1002/alz.71458


http://10.1186/s13195-019-0485-0
https://doi.org/10.1002/alz.71458

	Minor neuropsychological deficits and stage 2 of Alzheimer’s disease
	Abstract
	Highlights
	1 | BACKGROUND
	2 | METHODS
	2.1 | Study design and participants
	2.2 | Clinical classifications
	2.3 | AD biomarkers
	2.4 | Statistical analysis

	3 | RESULTS
	3.1 | Associations with clinical progression
	3.2 | Associations with AD biomarkers
	3.3 | Associations with clinical progression in amyloid-positive participants
	3.4 | Prognostic utility for the 5-year prediction of MCI
	3.5 | Sample size simulation for clinical trials and amyloid screenings

	4 | DISCUSSION
	4.1 | Summary and discussion of key findings
	4.2 | Implications for risk prediction and clinical trials
	4.3 | Limitations and future directions

	5 | CONCLUSIONS
	AFFILIATIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT
	ORCID
	References
	SUPPORTING INFORMATION


