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Abstract

INTRODUCTION: Patients with subjective memory complaints (SMC) may include

subgroups with different neuropsychological profiles and risks of cognitive impair-

ment.

METHODS:Cluster analysis was performed on two datasets (n: 630 and 734) compris-

ing demographic and neuropsychological data from SMC and healthy controls (HC).

Survival analyses were conducted on clusters. Bayesian model averaging assessed the

predictive utility of clusters and other biomarkers.

RESULTS: Two clusters with higher and lower than average cognitive performance

were detected in SMCandHC.Assignment to the lower performance cluster increased

the risk of cognitive impairment in both datasets (hazard ratios: 1.78 and 2.96; Plog-rank:

0.04 and <0.001) and was associated with lower hippocampal volumes and higher

tau/amyloid beta 42 ratios in cerebrospinal fluid. The effect of SMC was small and

confounded bymood.

DISCUSSION: This study provides evidence of the presence of cognitive clusters that

hold biological significance and predictive value for cognitive decline in SMC andHC.

KEYWORDS
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Highlights

∙ Patients with subjectivememory complaints include two cognitive clusters.

∙ Assignment to the lower performance cluster increases risk of cognitive impairment.
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∙ This cluster shows a pattern of biomarkers consistent with incipient Alzheimer’s

disease pathology.

∙ The same cognitive cluster structure is found in healthy controls.

∙ The effect of memory complaints on risk of cognitive decline is small and con-

founded.

1 BACKGROUND

Subjective memory complaints (SMC) refer to individuals’ self-

perceived decline in memory function without objective evidence

of cognitive impairment.1,2 Methods used to detect memory com-

plaints range from simple questions regarding one’s perception of

memory function3 to more comprehensive questionnaires such as

the Metamemory in Adulthood Questionnaire.4 Similarly, the neu-

ropsychological criteria used to define normal cognitive function

have not been uniform, using varying degrees of stringency and

comprehensiveness.5

The prevalence of SMC, particularly among older adults, is remark-

ably high. Previous studies report a prevalence ranging from 25% to

50% in this population.6 Additionally, SMC have been shown to have

a negative impact on the quality of life for older individuals.7

Despite high prevalence, the clinical relevance and nosological posi-

tion of SMC remain controversial. When interpreting previous studies,

it is important to differentiate betweenmemory complaints as a symp-

tomand SMCas a clinical entity. It is also essential to differentiate SMC

from subjective cognitive decline (SCD), which refers to self-perceived

cognitivedecline indomains beyond justmemory, suchas attention and

executive functions.8 Notably, the analysis of SMC patients focuses on

the amnestic presentations of Alzheimer’s disease (AD), in contrast to

themore widely applicable concept of SCD.

Cross-sectional studies have primarily found a link between mem-

ory complaints and mood and other psychological factors.2,9 However,

there are exceptions that demonstrate an association between mem-

ory complaints and objective cognitive performance10,11 or have

yieldedmixed results.12,13

On the other hand, longitudinal studies have mainly shown an

increased risk of cognitive impairment among patients with SMC, as

summarized in themeta-analysis conducted byMitchell et al.14 Never-

theless, this finding is not universally observed across all studies.15,16

Furthermore, even when the association is present, the magnitude of

the risk may be small,17 and its relevance at the population level may

be limited.18 Memory complaints by older adults have also been shown

to be inconsistent over time.19

Research in patients with SMC has revealed structural and func-

tional changes in the brain, as well as patterns of biomarker levels that

fall between those observed in healthy controls and patients with mild

cognitive impairment (MCI) due to AD.20–26 These findings have led to

the hypothesis that SMC represent a stagewithin the continuumof the

degenerative process associated with AD.27,28

Discrepancies among studies may arise from variations in sev-

eral factors, such as the definitions used for cognitive complaints,

the selection of neuropsychological tests, the study designs, the

duration of follow-up periods, the source of the samples, and the

statistical methods used. These conflicting observations also raise

the possibility that SMC include different populations with distinct

neuropsychological profiles and risks of cognitive impairment. Unsu-

pervised machine learning methods may help unravel these kinds

of questions.29 Specifically, clustering algorithms can be applied

to a battery of neuropsychological variables to identify clusters of

cognitive performance.30 In this line, Jessen et al. identified three

clusters among 2389 unimpaired subjects, which corresponded to

subjects without memory complaints, with general memory com-

plaints, and with both general memory complaints and complaints

regarding tasks of daily living.31 However, the value of these clusters

to predict cognitive decline or to identify people with early AD is

unknown.

In this study, two observational datasets of subjects with normal

cognitive function at baselinewere analyzedwith themain aim of iden-

tifying the presence (or absence) of cognitive clusters in patients with

SMC. Additionally, if cognitive clusters were found, the study aimed to

investigate the association between cluster assignments and the risk of

cognitive impairment.

As secondary analyses,weassessed (in oneof thedatasets) thepres-

ence (or absence) of cognitive clusters in healthy controls, the associa-

tion between SMC and risk of cognitive impairment, and the predictive

value of cognitive clusters and SMC on risk of cognitive decline com-

pared to that of other clinical and biomarker variables, including brain

volumetric measures, brain [18F]Fluorodeoxyglucose (FDG) uptake,

brain florbetapir uptake, apolipoprotein E (APOE) genotype, and levels

of biomarkers in cerebrospinal fluid (CSF).

2 METHODS

2.1 Clínica Universidad de Navarra dataset

2.1.1 Description of the Clínica Universidad de
Navarra sample

The Clínica Universidad de Navarra (CUN) database (n = 945) ret-

rospectively collected data on patients with SMC who were treated

at the Memory Unit of CUN (Pamplona, Spain) between 2001 and
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2017. SMC was defined as self-reported perception of memory

difficulties without objective evidence of cognitive impairment, indi-

cated by test scores > −1.5 standard deviation (SD) of the mean

(see below). Note that these criteria allow the inclusion of cases

that would be classified as subtle cognitive decline in more recent

classifications.32

All participants were evaluated by an experienced neurologist on

cognitive disorders. The initial assessment included a medical and

history review, an interview with a family member or friend, and a

general and neurological examination. All participants underwent

laboratory tests (full blood count, biochemistry, vitamin B12, folate,

glucose, lipids, syphilis serology, and thyroid function), neuropsycho-

logical assessment, and brain magnetic resonance imaging (MRI). The

neuropsychological evaluation included the following tests or scales:

theMini-Mental State Examination (MMSE),33 thememory evaluation

included in the Consortium to Establish a Registry for Alzheimer’s Dis-

ease (CERAD) battery,34 categorical fluency measured by the number

of animals named in 1 minute, phonological fluency measured by the

number of words beginning with the letter P named in 1 minute,35 the

Stroop Color and Word Test (SCWT),36 Raven’s matrices test,37 the

Boston Naming Test,38 the Trail Making Test Parts A and B (TMT-A

and TMT-B),39 and the Geriatric Depression Scale with 30 items

(GDS-30).40 All participants were reviewed in a multidisciplinary

consensus meeting to determine a clinical diagnosis. We excluded

patients with MCI or dementia at baseline.41,42 Participants were also

excluded if they hadmajor neurological or systemic illnesses that could

cause cognitive impairment, current or past major psychiatric disease

(e.g., schizophrenia, major depression, or bipolar disorder), history

of alcohol or substance abuse, significant MRI abnormalities (brain

tumors, large cerebral infarct, or bleeding), or past head trauma with

loss of consciousness. In follow-up visits, patients were evaluated by

a neurologist, and a neuropsychological assessment was performed

to establish clinical progression to amnestic MCI or dementia due

to AD.

For the current analysis, we restricted the sample to subjects > 50

years old who had valid results in all neuropsychological tests used for

clustering (see Section 2.1.2). This resulted in a final sample of 630

cases. Table 1 presents the main clinical and demographic character-

istics of these patients at baseline. The sample included 243 subjects

without follow-up, 211 subjects with follow-up < 1 year (mean = 33.3

days, SD = 84.2; median = 8 days, interquartile range [IQR] = 4 to

12, range = 1 to 364), and 176 subjects with follow-up > 1 year

(mean = 1670.5 days, SD = 1137.8; median = 1374.5, IQR = 800.2 to

2382.2, range = 367 to 5163). Note that the limited sample size of the

patients with long follow-up does not affect cluster analysis, which is

a cross-sectional analysis performed on baseline characteristics, but it

reduces the sample available to evaluate the risk of cognitive decline

(see Section 2.1.3).

The study obtained approval from the ethics committee of the insti-

tution, and it was performed in accordance with the ethical standards

laid down in the Declaration of Helsinki and its revisions. All par-

ticipants gave written consent. There was no discrimination in the

selection of patients based on sex or ethnicity.

RESEARCH INCONTEXT

1. Systematic review: APubMed reviewshows that the clin-

ical relevance of subjective memory complaints (SMC)

remains controversial. Cross-sectional studies primar-

ily associate SMC with mood, while longitudinal studies

reveal an increased risk of cognitive impairment. These

conflicting data suggest the presence of subgroupswithin

SMCwith varying risks of cognitive impairment.

2. Interpretation: Two clusters with higher and lower

than average cognitive performance were identified in

patients with SMC and healthy controls. Assignment to

the lower performance cluster increased the risk of cog-

nitive impairment and was associated with a pattern of

biomarkers consistent with incipient Alzheimer’s disease

pathology. The effect of SMC on the risk of cognitive

decline was small and confounded bymood.

3. Future directions: Current knowledge advocates for a

proactive strategy to detect dementing disorders. Indi-

viduals performing below average on neuropsychological

tests, evenwithin normal ranges, have an increased risk of

cognitive decline, justifyingmore stringent follow-up.

2.1.2 Cluster analysis

The data underwent preprocessing before conducting the cluster anal-

ysis. This process included: (1) standardization of age and education

variables; (2) standardization of the neuropsychological variables after

stratifying them by age (categorized into four groups according to

quartiles), sex, and education (categorized into two groups: without

studies or with primary studies, or with secondary studies or higher).

This second step had two main aims: (1) to obtain in-sample standard-

ized values of the neuropsychological variables and (2) to design a

procedure that could be applied under the same conditions to sam-

ples of different origins, increasing its reproducibility. The number

of strata was selected as a compromise between using too many,

which would reduce the precision of the estimates, and using too few,

which would increase the risk of residual confounding. Sex was not

included in the cluster analysis itself, as binary variables tend to exert a

disproportionate influence on clustering results.

The neuropsychological variables used for clustering included

scores from the following tests or scales: MMSE, items recalled in

CERAD delayed recall task, categorical fluency (animals), phonological

fluency (letter P), SCWT, Raven’s matrices test, items correctly named

in Boston Naming Test, and time to complete TMT-A and TMT-B. We

selected these tests with the aim to cover themain neuropsychological

domains involved in AD.

Cluster tendency was assessed using the Hopkins statistics and

a graphical representation of Pearson correlation-based distances

between observations.
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TABLE 1 Demographic and neuropsychological characteristics of
the study samples at baseline.

Characteristics

CUN dataset

(n= 630)

ADNI dataset

(n= 734)

Age (years) 66 (60, 72) 71 (67, 76)

Sex

Male 326 (52%) 309 (42%)

Female 304 (48%) 425 (58%)

Education

Levels 0–1: 233 (37%) 16 (15, 18)

Levels 2–4: 397 (63%) –

Memory complaints

Yes 630 (100%) 387 (53%)

No 0 (0%) 347 (47%)

GDS

15 items – 0 (0, 1)

30 items 8 (5, 12) –

MMSE 29 (28, 30) 29 (29, 30)

Delayed recall 5 (4, 6) 7 (6, 8)

Categorical fluency 17 (13, 20) 21 (17, 25)

Phonological fluency 13 (10, 17) –

BostonNaming Test 52 (49, 55) –

SCWT 45 (41, 51) –

Raven’s matrices 29 (26, 32) –

TMT-A (seconds) 41 (31, 55) 31 (25, 38)

TMT-B (seconds) 95 (72, 135) 72 (55, 93)

Note: Descriptive statistics are given as median (interquartile range) or

frequency (percentage). Educational attainment is encoded as an ordered

variable in the CUN dataset (0 = no formal education; 1 = pre-college

(primary education); 2 = college or vocational training; 3 = bachelor

degree/diploma; 4= doctorate/master’s degree), while in the ADNI dataset,

it is represented in years. Delayed recall corresponds to theCERAD items in

the CUN dataset and the ADAS-Cog items in the ADNI dataset. There were

threemissing values for GDS-30 in the CUN dataset.

Abbreviations: ADAS-Cog, Alzheimer´s Disease Assessment Scale-

Cognitive Subscale; ADNI, Alzheimer’s Disease Neuroimaging Initiative;

CERAD, Consortium to Establish a Registry for Alzheimer´s Disease; CUN,

Clínica Universidad de Navarra; GDS, Geriatric Depression Scale; MMSE,

Mini-Mental State Examination; SCWT, Stroop Color and Word Test;

TMT-A, Trail Making Test Part A; TMT-B, Trail Making Test Part B.

The number of clusters and the clustering algorithm were chosen

according to three measures of the internal quality of the clusters:

silhouette width, Dunn index, and connectivity. The tested algo-

rithms were: k-means, agglomerative hierarchical, divisive hierarchical

(DIANA), partition aroundmedoids (PAM), and fuzzy analysis (FANNY)

clustering.

The interpretation of the clusters was evaluated by comparing

across clusters the values of the neuropsychological tests used for clus-

tering and those of other clinical and demographic variables. Bivariate

statistical tests such as the Wilcoxon rank sum test and Pearson

chi-squared test were applied to the variables not used for clustering.

The relative importance of the variables in determining the clus-

ters was assessed using variable selection using random forests

(VSURF).

2.1.3 Association between cognitive cluster
assignment at baseline and risk of cognitive
impairment

To perform these longitudinal analyses, the CUN database was further

filtered to include only patients with a minimum follow-up period of 1

year. This resulted in a subsample of 176 subjects, among whom there

were 58 events defined as progression to amnestic MCI (57 cases) or

dementia (1 case). The patients with follow-up periods > 1 year were

older at baseline (median = 68.0 years, IQR = 62.8–73.3) than those

with shorter follow-up periods (median= 65.0 years; IQR= 59.0–72.0)

or no follow-up (median = 66.0 years; IQR = 60.0–71.5; Kruskal–

Wallis test P = 0.002), but there were not significant differences

in sex (P = 0.327), education level (P = 0.881), or MMSE scores

(P= 0.625).

The association of cognitive clusters with risk of cognitive impair-

mentwas assessed using variousmethods. These included the Kaplan–

Meier method with the log-rank test, the comparison of restricted

mean survival times (RMST), and a Cox proportional hazards (PH)

regressionmodel adjusted for age, sex, education, andmood (measured

with the GDS-30). Additionally, the incidence rate ratio was estimated

using g-computation with a negative binomial model adjusted for the

same covariates. Survival curves adjusted for age, sex, education, and

mood using the direct methodwere also calculated.

2.2 Alzheimer’s Disease Neuroimaging dataset

2.2.1 Description of the Alzheimer’s Disease
Neuroimaging Initiative sample

The second dataset included participants from the Alzheimer’s Dis-

ease Neuroimaging Initiative (ADNI) 2 and 3 cohorts who had normal

cognitive function at baseline. The dataset consisted of a total of

739 participants (adni.loni.usc.edu, accessed on April 15, 2023). It

comprised two diagnostic groups: one with SMC with a total of 388

participants, and another group without memory concerns (CN) with

a total of 351 participants. This basal diagnostic classification was not

available in ADNI 1.

TheADNIwas launched in 2003 as a public–private partnership, led

by Principal Investigator Michael W. Weiner, MD. The primary goal of

ADNI has been to test whether serial MRI, positron emission tomog-

raphy, other biological markers, and clinical and neuropsychological

assessment can be combined to measure the progression of MCI and

early AD. For up-to-date information, see www.adni-info.org.

The definitions of terms can be found in the ADNI procedures man-

uals. It is important to note that in the ADNI 2 and 3 cohorts, the

definition of normal cognitive function is stringent, requiring scores
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no less than approximately 0.5 SD below the mean of the Weschler

Memory Scale Logical Memory II. Individuals with scores between

approximately 0.5 and 1.5 SD below the mean are classified as early

(amnestic)MCI,whichmayoverlapwith subtle cognitive impairment.32

This has to be distinguished from late (amnestic) MCI, which requires

scores < 1.5 SD below the mean, similar to the traditional definition.

The patients of the SMC group had to score ≥ 16 on the first 12

questions of the Cognitive Change Index.

By restricting the analysis to individuals with valid results in all the

neuropsychological tests used for clustering, we obtained a sample

of 734 cases, with 347 in the CN group and 387 in the SMC group

(Table 1). The median time of follow-up was 1451 days (IQR = 377 to

2212) for the CN group and 756 days (IQR = 0 to 1481) for the SMC

group.

Compared to the CUN dataset, several neuropsychological vari-

ables were not available in the ADNI data. Specifically, the Boston

Naming Test was not included (not available in ADNI 3), and SCWT,

Raven’s matrices test, and phonological fluency task with the letter P

were not available in both ADNI 2 and ADNI 3. The number of recalled

words for the Alzheimer´s Disease Assessment Scale-Cognitive Sub-

scale (ADAS-Cog) delayed recall task was calculated as 10 minus task

4 of ADAS v11 (ADASQ4) score recorded in the adnimerge table.

The GDS scores in ADNI corresponded to the version with 15 items

(GDS-15).

The inclusion of the baseline diagnosis variable, labeling the SMC

andCNgroups, enabled us to analyze the association betweenmemory

complaints and the risk of cognitive impairment.

2.2.2 Cluster analysis and association between
cognitive clusters or SMC assignment and risk of
cognitive impairment

The cluster analysis and the assessment of the association between

cognitive clusters and the risk of cognitive impairmentwere conducted

as described for the CUN dataset.

The effect of SMC assignment on the risk of cognitive decline was

evaluated using similar procedures. The association between SMC

and other demographic, clinical, and neuropsychological variables was

analyzed using standard bivariate tests.

Similar to the CUN database, the longitudinal analyses in the ADNI

dataset were restricted to patients with a minimum follow-up period

of 1 year. The resulting subsample consisted of 514 patients, with 269

in the CN group and 245 in the SMC group. The number of events

observed was 65 (amnestic MCI 64, dementia 1). The patients with

follow-up periods > 1 year (n = 514) had a median age at baseline of

70.9 years (IQR = 67.2–75.8), while those with no follow-up (n = 177)

had a median age of 68.5 years (IQR = 64.6–73.9), and those with

follow-up<1 year (n=43) had amedian age of 74.9 years (IQR=68.2–

81.4; Kruskal–Wallis test P < 0.001), but there were no significant

differences in sex (P= 0.100), years of education (P= 0.858), orMMSE

scores (P= 0.416).

2.2.3 Association between cognitive clusters or
SMC assignment and biomarker measurements

Taking advantage of the availability of neuroimaging and other

biomarker data in the ADNI project, we also analyzed the association

between cluster assignment or basal diagnosis (SMC vs. CN groups)

and volumetric brain measurements; APOE genotype; FDG uptake at

the angular, temporal, and posterior cingulate regions;43 florbetapir

cortical uptake normalized by the whole cerebellum;44 and levels of

CSF biomarkers (amyloid beta 1-42 [Aβ42], total tau, phosphorylated
P-181 tau [p-tau], tau/Aβ42 ratio, and p-tau/Aβ42 ratio).

2.2.4 Bayesian model averaging of Cox PH
regression models of time to cognitive impairment

ABayesianmodel averaging (BMA) analysis ofCoxPHmodelswasused

to investigate the relative importance of cognitive clusters, along with

other clinical, demographic, and biomarker variables, in determining

the risk of cognitive impairment. This analysis required a dataset with

no missing values, resulting in a sample size of 144 cases (89 CN and

55 SMC). To prevent redundancy, we selected the following variables

as representatives of neurodegenerative changes orAβ42 amyloidosis:

hippocampal volumes, posterior limbic FDG uptake, tau/Aβ42 ratio in

CSF, and number of APOE ε4 alleles. Note that our objective was not to
develop a model for predicting cognitive impairment. Instead, we used

BMA to gain a better understanding of the relative predictive value

of the variables. Specifically, we focused on evaluating the posterior

probabilities of the coefficients that represent the variables, where a

posterior probability of 0 for a coefficient indicates that the variable

was excluded from themodels, making it an ineffective predictor.

2.3 Statistical software

Statistical analyses were done with the R software (version 4.2.2)45

and the R packages ADNIMERGE (0.0.1, accessed on April 15,

2023),46 hopkins (1.0),47 clValid (0.7),48 factoextra (1.0.7),49 pheatmap

(1.0.12),50 survival (3.5-0),51 survminer (0.4.9),52 survRM2 (1.0-4),53

riskCommunicator (1.0.1),54 FHtest (1.5),55 adjustedCurves (0.10.1),56

VSURF (1.2.0),57 and BMA (3.18.17).58

3 RESULTS

3.1 CUN dataset

3.1.1 Cluster analysis

The heatmap of the correlation-based distances matrix provided

graphical evidence suggesting the existence of cognitive clusters in the

CUN sample, which consisted solely of patients with SMC (Figure 1).
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6 JIMÉNEZ-HUETE ET AL.

F IGURE 1 Heatmap displaying the correlation-based distancematrices of the clinical and neuropsychological variables used for clustering in
the CUN (Clínica Universidad deNavarra) and ADNI (Alzheimer’s Disease Neuroimaging Initiative) datasets.

The Hopkins statistics yielded a value very close to one (0.999974),

further supporting the presence of distinct clusters.

Taking into consideration the internal quality of the clusters, the

analysis conducted using the clValid package indicated the existence

of two clusters and suggested the use of either agglomerative (hclust)

or divisive (DIANA) hierarchical clustering algorithms. After reviewing

the results of both methods, we ultimately selected the DIANA algo-

rithm. A cluster plot illustrating the two first principal components,

the silhouette width plot, and the dendrograms of the clusters may be

found in supporting information (Figures S1–S3).

The two clusters identified in the analysis were characterized by

subjects with higher-than-average (cluster 1) and lower-than-average

(cluster 2) standardized (Z) scores in the neuropsychological tests

(Figure 2). In Figure 2, the sign of the TMT-A and TMT-B variables was

reversed to alignwith thedirectionof theother variables,wherehigher

values indicate better performance. A comparison of other clinical,

demographic, and biomarker variables between clusters is presented

in Table 2.

According to the VSURF analysis, the most important variable for

determining the cognitive clusters was the time taken to complete

the TMT-B task (mean variable importance = 0.124; see Figure S4 in

supporting information).

3.1.2 Association of cognitive clusters with risk of
cognitive impairment

The participants in the lower-than-average cluster (cluster 2) exhibited

ahigher riskof developing cognitive impairment compared to themem-

bers of the higher-than-average cluster (cluster 1; Figure 3, log-rank

test P = 0.04). The RMST values in days were 2537 for cluster 1 and

2143 for cluster 2, resulting in a difference of 394 days (95% confi-

dence interval [CI] = 94 to 694, P = 0.010). A Cox PH model adjusting

for age, sex, education, and mood showed a hazard ratio (HR) of cogni-

tive impairment for cluster 2 compared to cluster 1of 1.742 (CI=0.994

to 3.053, P = 0.052), and it did not violate the PH assumption. Age

was significantly associated with cognitive impairment (HR = 1.093,

CI = 1.043 to 1.144, P < 0.001), and there was an almost signifi-

cant association between education and cognitive decline (HR= 0.740,

CI = 0.547–1.001, P = 0.051). The incidence rate ratio estimated using
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JIMÉNEZ-HUETE ET AL. 7

F IGURE 2 Mean standardized (Z) scores of the variables used for clustering in the CUN andADNI datasets. The sign of TMT-A and TMT-Bwas
reversed to align with the direction of the other variables. ADNI, Alzheimer’s Disease Neuroimaging Initiative; CUN, Clínica Universidad de
Navarra; MMSE,Mini-Mental State Examination; TMT-A, Trail Making Test, Part A; TMT-B, Trail Making Test, Part B.

a negative binomial model indicated an increased rate of cognitive

impairment in cluster 2 compared to cluster 1: 1.802 (CI = 1.158–

3.177). The adjusted survival curves for cognitive clusters were similar

to the unadjusted curves (see Figure S5 in supporting information).

3.2 ADNI dataset

3.2.1 Cluster analysis

The application of the same clustering methods to the ADNI sam-

ple again revealed the presence of two clusters representing

higher-than-average (cluster 1) and lower-than-average (cluster

2) neuropsychological performance in both the CN and SMC groups

(Figures 1 and 2, Table 2, and Figures S1–S3). The Hopkins statistics

yielded a value of 0.9985181, confirming a strong tendency toward

clustering. The findings were consistent when analyzing all cases

together or examining the CN and SMC groups separately (not

shown).

In this dataset, the most important variable to determine the clus-

ters was the categorical fluency (mean variable importance = 0.092),

followed by TMT-A (0.082), ADAS-Cog delayed recall (0.081), MMSE

(0.059), and TMT-B (0.058; see Figure S4).
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8 JIMÉNEZ-HUETE ET AL.

TABLE 2 Demographic and neuropsychological characteristics of the study samples at baseline according to cognitive cluster assignment.

CUNdataset (n= 630) ADNI dataset (n= 734)

Characteristics

Cluster 1

(n= 332)

Cluster 2

(n= 298) P
Cluster 1

(n= 400)

Cluster 2

(n= 334) P

Age (years) 65 (59, 70) 69 (62, 75) – 70 (67, 76) 71 (67, 76) –

Sex

Male 167 (50%) 159 (53%) 0.473 168 (42%) 141 (42%) 0.999

Female 165 (50%) 139 (47%) 232 (58%) 193 (58%)

Education

0–1 116 (35%) 117 (39%) – 17 (16, 18) 16 (14, 18) –

2–4 216 (65%) 181 (61%)

Memory complaints

Yes 332 (100%) 298 (100%) – 200 (50%) 187 (56%) 0.119

No 0 (0%) 0 (0%) 200 (50%) 147 (44%)

GDS

15 items – – – 0 (0, 1) 1 (0, 1) 0.004

30 items 7 (4, 11) 9 (5, 13) <0.001 – – –

MMSE 29 (28, 30) 28 (27, 29) – 30 (29, 30) 29 (28, 30) –

Delayed recall 5 (4, 7) 4 (3, 5) – 8 (7, 9) 7 (5, 8) –

Categorical fluency 19 (16, 21) 14 (11, 17) – 23 (20, 26) 18 (15, 21) –

Phonological fluency 15 (12, 18) 11 (9, 14) – – – –

BostonNaming Test 54 (51, 56) 50 (47, 53) – – – –

SCWT 48 (44, 53) 42 (38, 47) – – – –

Raven’s matrices 32 (28, 34) 27 (24, 29) – – – –

TMT-A (seconds) 32 (28, 34) 52 (40, 69) – 27 (23, 32) 36 (30, 44) –

TMT-B (seconds) 76 (59, 93) 131 (99, 170) – 59 (49, 76) 86 (71, 112) –

Note: Descriptive statistics are given as median (interquartile range) or frequency (percentage). Educational attainment is encoded as an ordered variable in

the CUN dataset (0 = no formal education; 1 = pre-college [primary education]; 2 = college or vocational training; 3 = bachelor degree/diploma; 4 = doc-

torate/master’s degree), while in the ADNI dataset, it is represented in years. Delayed recall corresponds to the CERAD items in the CUN dataset and the

ADAS-Cog items in the ADNI dataset. P values correspond to Wilcoxon rank sum test or Pearson chi-squared test. Note that it is not appropriate to apply

hypothesis tests to compare the variables used for clustering, which explains the absence of their P values.
Abbreviations: ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CERAD, Con-

sortium to Establish a Registry for Alzheimer’s Disease; CUN, Clínica Universidad de Navarra; GDS, Geriatric Depression Scale; MMSE, Mini-Mental State

Examination; SCWT, Stroop Color andWord Test; TMT-A, Trail Making Test Part A; TMT-B, Trail Making Test Part B.

3.2.2 Association of cognitive clusters with
biomarkers

The comparison of biomarker values between the two cognitive clus-

ters showed significant differences in whole brain, hippocampal and

entorhinal volumes, posterior limbic FDG activity, and tau/Aβ42 and

p-tau/Aβ42 CSF ratios (Table 3). In particular, the lower-than-average

performance cluster (cluster 2) showed reduced values of brain vol-

umes and posterior limbic FDG activity, and higher values of tau/Aβ42
and p-tau/Aβ42 CSF ratios compared to the higher-than-average per-

formance cluster. Interestingly, the differences were more significant

for biomarkers of brain injury or dysfunction than for those of Aβ42
amyloidosis.

3.2.3 Association of cognitive clusters with risk of
cognitive impairment

The assignment to the lower-than-average performance cluster (clus-

ter 2) significantly increased the risk of cognitive impairment according

to the log-rank test (Figure 3, P < 0.001). Additionally, a comparison

of the RMST in days of the two clusters (cluster 1 = 2847; cluster

2 = 2495; difference = 352, CI = 192 to 511, P < 0.001) underscores

this association. Furthermore, a Cox PH regression model, controlling

for age, sex, education, mood (GDS-15), and SMC, revealed that theHR

for cluster 2 versus cluster 1 was 2.957 (CI = 1.682–5.199, P < 0.001).

The Cox PH model also showed an increased risk of cognitive impair-

ment for age (HR = 1.079, CI = 1.034–1.126, P < 0.001), GDS-15
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JIMÉNEZ-HUETE ET AL. 9

TABLE 3 Biomarker values in the ADNI sample according to cognitive cluster assignment.

Characteristics Cluster 1 Cluster 2 P

Whole brain (mL) 1070 (994, 1136) 1023 (962, 1102) <0.001

n 362 304

Hippocampus (µL) 7641 (7150, 8226) 7343 (6809, 7893) <0.001

n 346 296

Entorhinal (µL) 4044 (361, 4463) 3884 (3534, 4312) 0.019

n 352 285

PET FDG (SUVR) 1.31 (1.23, 1.37) 1.26 (1.17, 1.34) <0.001

n 185 170

PET Florbetapir (SUVR) 1.05 (1.00, 1.19) 1.07 (1.00, 1.20) 0.802

n 258 223

Aβ42 (pg/mL) 1012 (731, 1384) 952 (701, 1263) 0.088

n 116 103

Tau (pg/mL) 207 (172, 283) 219 (176, 313) 0.172

n 163 141

P-tau (pg/mL) 19.2 (15.1, 26.1) 19.9 (15.5, 28.8) 0.246

n 162 141

Tau/Aβ42 0.19 (0.13, 0.35) 0.28 (0.15, 0.37) 0.034

n 116 103

P-tau/Aβ42 0.02 (0.01, 0.03) 0.03 (0.01, 0.04) 0.048

n 115 103

APOE ε4 (no. alleles)

0 244 (67%) 187 (68%) 0.645

1 110 (30%) 79 (28%)

2 10 (3%) 11 (4%)

n 364 277

Note: Descriptive statistics are given as median (interquartile range) or frequency (percentage). PET FDG is a measurement of FDG uptake at the angular,

temporal, and posterior cingulate regions. PET florbetapir is a composite measurement of cortical florbetapir uptake normalized by the cerebellum. Aβ42,
tau, and p-tau indicate the levels of biomarkers in cerebrospinal fluid. The symbol “n” indicates the number of cases available for analysis. P values correspond
toWilcoxon rank sum test or Pearson chi-squared test.

Abbreviations: Aβ, amyloid beta; APOE, apolipoprotein E; FDG, [18F]Fluorodeoxyglucose; PET, positron emission tomography; p-tau, phosphorylated P-181

tau; SUVR, standardized uptake value ratio.

(HR = 1.234, CI = 1.004–1.518, P = 0.046), and SMC (HR = 1.743,

CI = 1.003–3.030, P = 0.049), and it did not violate the PH assump-

tion. The incidence rate ratio of cognitive impairment for the cluster

2 versus cluster 1 groups was 2.479 (CI = 1.534–4.072). The adjusted

survival curves for cognitive clusters and SMC were similar to the

unadjusted curves (see Figure S5).

3.2.4 Association of SMC with risk of cognitive
impairment

SMC assignment was not a statistically significant predictor of cogni-

tive decline according to the log-rank test (P = 0.06) and the incidence

rate ratio (1.391, CI = 0.844–2.454), and it was marginally signifi-

cant in the Cox PH model described above (P = 0.049). However,

visual inspection of the survival curves suggested an increased risk of

late progression (after 4 years), especially for cluster 2 (lower-than-

average performance) participants (Figure 3). In this line, the Fleming–

Harrington test showed a significant effect of SMC after adjusting the

lambda parameter to 1 to detect delayed effects: P = 0.028. The com-

parison of the RMST in days of the SMCversus CN groups, adjusted for

age, sex, and education also showed a significant difference between

groups (CN − SMC = 166, CI = 15–316, P = 0.031), but it was

reduced after adjusting for GDS-15 (CN − SMC = 141, CI = −5 to 288,
P = 0.059). Note that the number of subjects at risk at late time points

was limited, which reduced the power of the standard tests at those

stages (see risk tables in Figure 3).

Comparative analyses between participants with and with-

out memory concerns (SMC vs. CN groups) showed a significant

association at baseline with GDS-15 (higher in SMC) and cat-

egorical fluency (lower in SMC), but not with the remaining

variables, including brain volumes, biomarkers in CSF, brain
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10 JIMÉNEZ-HUETE ET AL.

F IGURE 3 Kaplan–Meier survival curves stratified by cognitive cluster in the CUN dataset, and stratified by cluster, initial diagnostic
classification (SMC vs. CN) or both in the ADNI dataset. The P values correspond to the log-rank test. ADNI, Alzheimer’s Disease Neuroimaging
Initiative; CN, cognitively normal; CUN, Clínica Universidad deNavarra; SMC, subjectivememory complaints.

florbetapir uptake, and the FDG posterior limbic measurement

(Table 4).

3.2.5 Bayesian model averaging of Cox PH
regression models of time to cognitive impairment

BMA of the Cox PH regression models applied to the ADNI sample

showed that the variables most useful for estimating the risk of cog-

nitive impairment were the cognitive cluster assignment (posterior

probability to be included in the models = 90%), the tau/Aβ42 ratio

in CSF (85%), the posterior limbic FDG uptake (51%), the hippocam-

pal volume (51%), and the GDS-15 score (48%; Figure 4, and Figure

S6 in supporting information). The remaining variables exhibited lower

results: education (28%), SMC (22%), age (22%), number of APOE ε4
alleles (18%), and sex (11%).

4 DISCUSSION

This study shows that patients with SMC exhibit a heterogeneous

cognitive performance, characterized by two distinct clusters with

higher-than-average and lower-than-average results. This cognitive

cluster structure is also observed in healthy individuals without

memory concerns, and it consistently predicts cognitive impairment

in both groups. Specifically, being assigned to the lower-than-average

cognitive cluster at baseline significantly increases the risk of subse-

quent cognitive decline, even after accounting for factors such as age,

sex, education, and mood. Furthermore, the lower performance group

exhibited a pattern of biomarker changes consistent with incipient

neurodegeneration and Aβ42 amyloidosis. In comparison, the effect

of SMC on the risk of cognitive decline is smaller and delayed (over

4 years), mainly limited to the group of individuals with lower initial

cognitive performance, and at least partially confounded by mood.

Among various clinical and demographic variables, as well as neu-

roimaging and other biomarker measurements, the cognitive cluster

assignment proved to be the most valuable variable for predicting

cognitive impairment, featuring in 90% of all models selected by BMA.

The identification of two distinct cognitive clusters among patients

with SMCalignswith previous research investigating cognitive profiles

in various populations.59–61 Several studies have reported hetero-

geneity in cognitive performance among individuals with SMC, subtle

cognitive decline, MCI, and dementia due to AD.31,62–65 Our study

extends these findings by demonstrating that a cognitive cluster struc-

ture like that found in patients with SMC is also present in healthy

individuals without memory concerns. This suggests that cognitive

heterogeneity may be a fundamental aspect of cognitive functioning

across populations.

The biological relevance of the observed cognitive clusters is shown

by differences between clusters in terms of neuroimaging and other

biomarkers. In particular, the reduced hippocampal, entorhinal, and

whole brain volumes; the posterior limbic hypometabolism; and the

increased tau/Aβ42 and p-tau/Aβ42 CSF ratios observed in the partic-

ipants with lower cognitive performance align with previous studies
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JIMÉNEZ-HUETE ET AL. 11

TABLE 4 Demographic, neuropsychological, and biomarker values of the ADNI sample at baseline according to the initial diagnostic
classification (SMC vs. CN groups).

Characteristics SMC (n= 387) CN (n= 347) P

Age (years) 70 (66, 75) 71 (67, 76) 0.015

Sex

Male 152 (39%) 157 (45%) 0.116

Female 235 (61%) 190 (55%)

Education (years) 16 (15, 18) 16 (15, 18) 0.944

Cluster

1 200 (52%) 200 (58%) 0.119

2 187 (48%) 147 (42%)

GDS-15 1 (0, 2) 0 (0, 1) <0.001

MMSE 29 (29, 30) 29 (28, 30) 0.251

Delayed recall 7 (6, 8) 7 (6, 9) 0.852

Categorical fluency 20 (17, 24) 22 (18, 25) 0.006

TMT-A (seconds) 30 (25, 38) 31 (25, 39) 0.254

TMT-B (seconds) 73 (56, 95) 70 (55, 91) 0.296

Whole brain (mL) 1055 (985, 1129) 1044 (976, 1121) 0.584

Hippocampus (µL) 7540 (7056, 8090) 7573 (6946, 8058) 0.526

Entorhinal (µL) 4023 (3591, 4464) 3915 (3551, 4374) 0.162

PET FDG (SUVR) 1.29 (1.20, 1.37) 1.28 (1.19, 1.35) 0.446

PET florbetapir (SUVR) 1.06 (1.00, 1.20) 1.07 (1.01, 1.19) 0.260

Aβ42 (pg/mL) 1046 (774, 1351) 957 (714, 1279) 0.219

Tau (pg/mL) 216 (168, 300) 211 (178, 300) 0.945

P-tau (pg/mL) 18.9 (14.6, 26.3) 19.5 (15.5, 27.1) 0.646

Tau/Aβ42 0.19 (0.14, 0.37) 0.23 (0.13, 0.38) 0.384

P-tau/Aβ42 0.02 (0.01, 0.03) 0.02 (0.01, 0.04) 0.311

APOE ε4 (no. alleles)

0 205 (64%) 226 (71%) 0.048

1 108 (34%) 81 (25%)

2 8 (2%) 13 (4%)

Note: Descriptive statistics are given asmedian (interquartile range) or frequency (percentage). Delayed recall corresponds to theADAS-Cog items. PET FDG

is ameasurement of FDGuptake at the angular, temporal, and posterior cingulate regions. PET florbetapir is a compositemeasurement of cortical florbetapir

deposition normalized by the cerebellum. Aβ42, tau, and P-tau indicate the levels of biomarkers in cerebrospinal fluid. p values correspond to theWilcoxon’s

rank sum test or the Pearson’s Chi-squared test.

Abbreviations: Aβ, amyloid beta; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; ADNI, Alzheimer’s Disease Neuroimaging Initiative;

APOE, apolipoproteinE;CN,normal controlswithoutmemoryconcerns;CUN,ClínicaUniversidaddeNavarra; FDG, [18F]Fluorodeoxyglucose;GDS,Geriatric

Depression Scale; MMSE, Mini-Mental State Examination; PET, positron emission tomography; p-tau, phosphorylated P-181 tau; SMC, subjective memory

concerns; SUVR, standardized uptake value ratio; TMT-A, Trail Making Test part A; TMT-B, Trail Making Test part B.

linking structural and functional brain changes to cognitive decline and

neurodegenerative processes.66,67 Interestingly, differences between

clusters appear to be more pronounced for biomarkers of neurode-

generation rather than those related to amyloidosis. This observation

is consistent with the findings of Edmonds et al. in patients with subtle

cognitive decline, suggesting that neurodegeneration often precedes

amyloidosis.32 It is also noteworthy that among the tested measure-

ments of amyloidosis, only differences in the tau/Aβ42 and p-tau/Aβ42
ratios in CSF reached statistical significance, highlighting their greater

sensitivity compared to other determinations.26 These findings do

not rule out the effect of differences in cognitive reserve among

clusters. Cognitive reserve refers to the brain’s ability to withstand

age-related changes or disease-related pathology while maintaining

cognitive functioning.68 In fact, both neurodegeneration and cognitive

reserve could interact to determine differences in future cognitive

decline. It is worth noting that no significant associations were found

between the biomarkers and the baseline diagnostic classification

used in the ADNI database (SMC vs. CN groups). This observation

raises questions about the relevance of SMC as a distinct biological

entity.
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12 JIMÉNEZ-HUETE ET AL.

F IGURE 4 Posterior probabilities of the coefficients that represent the variables analyzed by Bayesianmodel averaging. High values at 0
indicate a low probability to be included in themodels. APOE, apolipoprotein E; FDG, fluorodeoxyglucose; GDS, Geriatric Depression Scale; SMC,
subjective memory complaints; TauAbeta, tau/Aβ42 ratio in cerebrospinal fluid.

The consistent predictive value of cognitive cluster assignment

for cognitive decline highlights its potential clinical utility. Previous

research has demonstrated that objective cognitive performance is a

robust indicator of cognitive decline and dementia risk.69 Cognitive

cluster assignment outperformed SMC and other variables in predict-

ing cognitive impairment, appearing in the majority of models selected

by BMA. This suggests that assessing an individual’s cognitive clus-

ter assignment at baseline could offer valuable insights into their

future risk of cognitive decline. However, this specific aimwas not pur-

sued in the present study, as we primarily used cluster analysis as an

exploratory tool to help us understand the structure of the data.

The relationships among objective cognitive function, SMC, and

mood is a complex issue that requires further investigation. Comparing

the bivariate and multivariable models incorporating these variables

in our study provides interesting insights. At baseline, GDS scores,

interpreted as surrogate markers of mood, are significantly associated

with SMC. Cross-sectional comparisons at baseline also reveal a signif-

icant association between cognitive clusters andGDS, but not between

cognitive clusters and SMC. Longitudinal analyses show a significant

association between cognitive clusters and cognitive decline, as well

as between GDS and cognitive decline. In contrast, the effect of SMC

on the risk of cognitive impairment is small, it is at least partially con-

founded by mood, and it seems to be modified by baseline cognitive

performance. These results agree with previous studies showing that

the predictive value of SMC for future cognitive impairment is mod-

est and may be influenced by other factors such as age, mood, and

initial cognitive performance.15,16 Mood disturbances, such as depres-

sion and anxiety, are known to be associated with subjective cognitive

complaints.2,9 Thesemood-related factors can influence an individual’s

perception of their cognitive abilities, leading to an overestimation of

memory problems. Additionally, mood disturbances may contribute to

cognitive impairment or exacerbate cognitive decline.70 The confound-

ing effect of mood on the relationship between SMC and cognitive

decline emphasizes the importance of considering both objective cog-

nitive performance measures and mood factors in the assessment of

cognitive impairment risk.

The results of this study also suggest that the association between

SMC and cognitive impairment may be influenced by the criteria used

to define normal cognition. Previous studies which demonstrated a

stronger association between SMC and both the risk of cognitive

impairment and biomarker profiles indicative of early AD may have

included individuals with subtle cognitive impairment due to less strict

criteria for defining normal cognition.14 The inclusion of individuals

with subtle cognitive impairment in the normal cognition group could

inflate the observed association between SMC and cognitive decline,

suggesting a stronger link than what may truly exist. In contrast, the

ADNI cases included in this study used a more stringent criterion for

normal cognition, considering scores > ≈ −0.5 SD from the mean as

normal.

Taken together, our data challenge the notion of including SMC in

the continuum of cognitive impairment associated with AD.28 More-

over, from a conceptual standpoint, it does not seem appropriate to

merge two distinct concepts, namely objective cognitive function and

subjective perception of memory, on a one-dimensional spectrum. In

contrast, our results support the concept of a continuum of objec-

tive cognitive changes that would start with subjects at the low range

of normality (i.e., our lower performance cluster) and then eventually

progress to subtle cognitive decline, MCI, and overt dementia.

The current study has several limitations, mainly inherent to obser-

vational research. The external validity of the CUN dataset may be

compromised due to retrospective data collection, along with a limited

number of patients with long follow-up periods. Specifically, of the 630

patients of the CUN sample, only 176 were followed up for > 1 year

and included in the evaluation of the risk of cognitive decline. How-

ever, a comparison of patients with different follow-up times did not

reveal significant differences in their main clinical and demographic
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JIMÉNEZ-HUETE ET AL. 13

characteristics. Additionally, the ADNI cohorts are not population

based but rely on the participation of motivated subjects. Another

limitation is the absence of a scale to quantify the severity and per-

sistence of SMC.71 However, some studies suggest that the intensity

of memory complaints does not significantly affect the risk of cogni-

tive impairment.72 Also, note that this study only analyzed memory

complaints (SMC), making it particularly relevant to the amnestic pre-

sentations of AD. The broader concept of SCD likely encompasses the

initial stages of other degenerative disorders as well, and future works

in the field should better explore the differences between patients

with amnestic and non-amnestic cognitive complaints. In any case, the

consistency of the observed cluster structure in two datasets of differ-

ent origins, which use different criteria to define normal cognition (a

classic cutoff of−1.5 SD for the CUNdataset and a strict cutoff of−0.5
SD for the ADNI dataset), supports the overall validity of our main

results.

Looking ahead, these results and current knowledge discourage a

passive approach to detecting dementing disorders solely based on

evaluating patients with memory complaints, as already pointed out

by Riedel-Heller et al.73 Instead, they advocate for a proactive strat-

egy involving a comprehensive evaluation of at-risk populations using

clinical, analytical, and neuroimaging methods. Particularly, individu-

als performing below average on neuropsychological tests, evenwithin

normal ranges, have an increased risk of cognitive decline, justifying

more stringent follow-up. From a practical standpoint, this would likely

necessitate a shift in the scope of clinical neurology practice toward

healthier subjects and a greater emphasis on prevention-focused pro-

cedures. However, widespread implementation of such a proactive

strategy should await the development of non-invasive, accurate, and

affordable diagnostic methods, as well as safe and effective disease-

modifying treatments. Recent advances in the field suggest that both

goals may be accomplished in the near future.

In conclusion, this study provides evidence of the presence of cogni-

tive cluster structures that hold biological significance in both elderly

patients with SMC and healthy controls. Furthermore, it highlights the

predictive potential of cognitive cluster assignment in identifying indi-

viduals at risk of cognitive impairment. Our findings also challenge the

conventional understanding of including SMCwithin the continuum of

cognitive impairment associated with AD.
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