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Abstract
Background: Subjective cognitive decline (SCD) represents the first early symptomatic stage of Alzheimer’s disease (AD).
Objective: We aimed to investigate the relationships between features in SCD and to assess the importance of these

features in the future development of dementia to inform a targeted management protocol.

Methods: 440 SCD patients underwent neurological and neuropsychological assessments, MRI scans, APOE genotyping,

and AD biomarker evaluations. Patients were followed for a median of 10 years. Relationships among features were first

assessed univariately, focusing on differences across stratified subgroups. To capture multivariate associations, we applied

network analysis using a Markov Random Field. Finally, baseline features were related to dementia progression using an

XGboost machine learning model.

Results: Women comprising 68.9% of the cohort, were generally younger at onset, had lower APOE ϵ4 prevalence, and

differed in neuropsychological performance compared to men. Older patients (age >60) exhibited a higher prevalence of

APOE ϵ4 and cerebral small vessel disease. Patients with depressive symptoms demonstrated lower cognitive performance

across multiple domains. Network analysis indicated complex interconnections among gender, cognitive reserve, SCD

severity, and depressive symptoms. The XGboost model achieved 74% accuracy in predicting progression to dementia,

identifying age at onset, mini-mental state examination scores, and APOE genotype as the most predictive factors.

Conclusions: This study highlights the role of age, gender, APOE genotype, and depressive symptoms in the presentation

and progression of cognitive decline. By identifying key predictive features, we propose a personalized management

protocol aimed at optimizing care for individuals with SCD.
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Introduction
“Losing memory” is a commonly reported experience in
elderly1 and in middle-aged people.2 Approximately
one-third of older adults complain of memory or other cog-
nitive difficulties.3 This condition has been referred to by
various names (subjective cognitive impairment, subjective
memory decline, subjective cognitive decline, etc.4). The
lack of a common terminology and criteria led to contrast-
ing results among studies on individuals complaining
memory loss.5–7 In 2014, the Subjective Cognitive
Decline (SCD)-Initiative (SCD-I) defined SCD as a self-
experienced persistent decline in cognitive capacity in com-
parison with the individual’s previously normal status,
during which the individual has normal age-, sex-, and
education-adjusted performance on standardized cognitive
tests.8 The definition of SCD as a nosological entity
allowed researchers to work on the same concept, applying
common criteria for study design. As a result, most of the
previously conflicting results have been clarified. In particu-
lar, a growing body of evidence now supports the higher
risk of dementia in SCD patients compared to individuals
of the same age without SCD.9 Recognizing this associ-
ation, the National Institute of Aging-Alzheimer’s
Association (NIA-AA) has included SCD as the first mani-
festation of symptomatic AD stages, preceding mild cogni-
tive impairment (MCI).10

However, not all patients reporting SCD will develop
dementia. Most of them have been defined as ‘‘worried
well’’ and do not deteriorate more rapidly than usual in
normal aging.11 In other cases, subjective decline in cog-
nition has been related to conditions such as personality
traits, psychiatric conditions, medical disorders, or use of
medication.12 As a result, individuals with SCD constitute
a heterogeneous group. Therefore, understanding if SCD
is a valid concern is crucial both for people experiencing
SCD and for targeting dementia prevention,13 particularly
in the upcoming era of disease modifying therapies
(DMTs) for AD.14 Indeed, it is a shared understanding
that DMTs should be administered at the earliest stages
of the disease.10 Consequently, individuals with SCD
may represent a target population for DMT to preserve
cognitive function.15 There is an urgent need to select cost-
effective and easily accessible tools for identifying
patients at the early stages of AD, while minimizing the
inclusion of patients who will not benefit of treatment
for AD.

The relevance of SCD is not limited to early prediction
of AD. Independently from progression to objective

cognitive impairment, SCD has been related to a variety
of poor health outcomes including lower quality of life,16

frailty,17 chronic health conditions,18 and sleep disorders.19

Nevertheless, despite the high frequency of individuals
seeking attention for SCD and the impact of this condition
on well-being, there is no consensus on how to manage
these patients. This lack of standardization results in signifi-
cant heterogeneity across different centers, leading to
highly variable treatments for each patient. The absence
of clear guidelines on which aspects to investigate at base-
line can result in the neglect of potentially treatable causes
or the underestimation of factors that may indicate a risk of
cognitive decline progression.20 Furthermore, the lack of
follow-up protocols may lead to suboptimal intervals
between visits: patients at higher risk of progression may
not be monitored closely enough, leading to missed oppor-
tunities to detect cognitive deterioration; patients at lower
risk may be seen too frequently, resulting in unnecessary
overcrowding of memory clinics. Here, we aimed to
address these gaps through a comprehensive description
(by cross-sectional and longitudinal analyses) of a
memory clinic cohort of patients with SCD. Specifically,
we aimed to:

1. Describe a large cohort of patients with SCD, detail-
ing demographic, clinical, neuropsychological, bio-
logical, and personality features, and exploring
their interactions.

2. Investigate the proportion of positive AD biomar-
kers in SCD.

3. Analyze longitudinal data to delineate trajectories of
our patient cohort and build a predictive model of
progression of cognitive decline.

4. Establish a management protocol for SCD to guide
clinical practice in memory clinic settings.

Methods

Patients and assessments
Four-hundred-forty participants have been consecutively
recruited among patients referred to the Centre for
Alzheimer’s Disease and Adult Cognitive Disorders of
Careggi Hospital in Florence between January 1994 and
November 2023. Inclusion criteria were: 1) complaining
of cognitive decline with a duration of≥ 6 months; 2)
normal functioning on the Activities of Daily Living and
the Instrumental Activities of Daily Living scales;21 3)
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unsatisfied criteria for MCI and dementia at baseline.22,23

Exclusion criteria were: history of head injury, current
neurological, psychiatric and/or systemic disease, symp-
toms of psychosis, substance use disorder. All the partici-
pants underwent a comprehensive family and clinical
history, general and neurological examination and exten-
sive neuropsychological investigation (NPS) (see
Supplemental Methods for details of the neuropsycho-
logical battery).

Age at onset of symptoms was established as the age at
which individuals started experiencing cognitive decline.
Age at baseline referred to the age at first neuropsycho-
logical examination. Symptom duration was defined as
the timeframe between age at onset (self-reported) and
age at baseline. Based on SCD-plus criteria proposed by
Jessen et al.8 and confirmed by other works,24,25 we classi-
fied patients as “younger” or “older” if they were younger
than 60 or 60 years of age or older at onset of symptoms.
Other two SCD-plus criteria were collected during neuro-
psychological examination based on patient interview at
first neurological visit: “subjective decline in memory,
rather than other domains of cognition” and “concerns
(worries) associated with SCD”. Positive family history
was defined as one or more first-degree relatives with docu-
mented cognitive decline.

Presence or absence of hypertension, dyslipidemia,
impaired fasting glucose (IFG), diabetes, current or previ-
ous smoking habit, insomnia, use of benzodiazepine, anti-
depressants (SSRI/SNRI) or anticholinergic drugs were
defined based on medical history. Use of anticholinergics
was defined according to the AntiCholinergic Burden
(ACB)26 (use of anticholinergics if ACB >1).

Two-hundred-fifty-five patients underwent brain MRI
scan on 1.5 Tesla scanners. Presence or absence of white
matter hyperintensities as a marker of cerebral small
vessel disease (CSVD) was defined according to Fazekas
scale27 (present if Fazekas score ≥ 1).

In a subgroup of 164 patients, we evaluated personality
traits and leisure activities. In 196 patients who gave
consent for genetic analysis we performed APOE
genotyping.

A subgroup of 37 patients, recruited between February
2015 and March 2023, underwent CSF AD biomarker
(Aβ42, Aβ40, t-tau, and p-tau) assessment at baseline.
Among these, 17 patients also underwent amyloid-PET.
Moreover, six patients who refused lumbar puncture only
underwent amyloid-PET. In total, 43 patients had an assess-
ment of Aβ pathology.

Patients underwent clinical and neuropsychological
follow-up every 12 or 24 months. We defined the progres-
sion from SCD to MCI according to the National Institute
on Aging-Alzheimer’s Association (NIA-AA) criteria23

and conversion to AD according to the NIA-AA criteria.22

We defined reversible or stable SCD as occurring in patients
who did not progress to objective cognitive decline or who

ceased to report cognitive disturbances during the follow-up
period.

Personality traits and cognitive reserve
Personality traits were assessed at baseline using the Big
Five Factors Questionnaire that follows a widely accepted
five-traits personality model:28 (1) emotional stability, (2)
energy, (3) conscientiousness, (4) agreeableness, and (5)
openness to culture and experience.

Premorbid intelligence was estimated using the Short
intelligence test (TIB),29 the Italian equivalent of the
National Adult Reading Test.30 Severity of depressive
symptoms was evaluated using the Hamilton Depression
Rating Scale (HDRS).31 Depressive symptoms were estab-
lished as present if HDRS was greater than 13. The severity
of SCD was investigated using the Memory Assessment
Clinics-Questionnaire (MAC-Q).32

To quantify involvement in leisure activities, we used a
questionnaire based on Yarnold PR et al..33 Patients were
interviewed to estimate their participation in nine intellec-
tual activities (reading magazines, reading newspapers,
reading books, solving puzzles, using tools, using radio or
TV, visiting museums, attending courses, studying), seven
social activities (playing chess, attending a club, volunteer-
ing activities, debating, going to the cinema, receiving visi-
tors, going to church), seven physical activities (walking,
swimming, cycling, playing tennis, playing football,
dancing, going to the gym), and other activities (including
knitting, gardening and traveling). The frequency of partici-
pation was reported for each activity performed during in
each previous decade on a Likert scale ranging from 0 to
5, where 0 refers to never, 1 to occasionally, 2 to
monthly, 3 to once a week, 4 to several days per week
and 5 to daily. We summed the scores for each activity to
generate total scores for intellectual, social, physical, and
other activities.

Blood sample collection and APOE genotype analysis
Blood samples was collected by venipuncture into standard
polypropylene EDTA test tubes (Sarstedt, Nümbrecht,
Germany) at the Neurology Unit of Careggi University
Hospital. They were centrifuged within two hours at 1300
rcf at room temperature for 10 min, and plasma will be iso-
lated and stored at −80°C until tested at the Laboratory of
Neurogenetics at Careggi University Hospital.

A standard automated method (QIAcube, QIAGEN) was
used to isolate DNA from peripheral blood samples. APOE
genotypes were investigated by high-resolution melting
analysis.34 Two sets of PCR primers were designed to
amplify the regions encompassing rs7412 [NC_000019.9:
g[M13] [GG14].45412079C>T] and rs429358
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(NC_000019.9:g.45411941T >C). The samples with
known APOE genotypes, which had been validated by
DNA sequencing, were used as standard references.

CSF sample collection and biomarker analysis
CSF samples were collected at 8:00 a.m. by lumbar punc-
ture at the Neurology Unit of Careggi University
Hospital. Samples were immediately centrifuged and
stored at −80°C until performing the analysis at the
Laboratory of Neurogenetics of Careggi University
Hospital.

Aβ42, Aβ40, t-tau, and p-tau were measured using
a chemiluminescent enzyme immunoassay analyser
LUMIPULSE G600 (Fujirebio, Tokyo, Japan). Cut-off
values for CSF biomarkers were determined following
Fujirebio guidelines (diagnostic sensitivity and specificity
using clinical diagnosis and the follow-up golden standard
as of November 19, 2018).

Amyloid PET acquisition and rating
Amyloid PET imaging was performed according to stand-
ard national and international guidelines,35 with any of
the available fluorine18-labeled tracers ([18]F-Florbetaben
[FBB]-Bayer-Pyramal, ([18]F-Flutemetamol [FMM]-
General Electric). Images were rated as either positive or
negative according to criteria defined by the manufacturers.

Classification of patients according to the ATN
classification
Since the biomarker assessment was conducted prior to the
most recent revision of the AD criteria,36 we classified our
patients according to the ATN framework proposed by the
AA in 2018:10 patients were rated as A+ if at least one of
the amyloid biomarkers (CSF or amyloid PET) revealed
the presence of Aβ pathology, and as A– if none of the bio-
markers revealed the presence of Aβ pathology. In the case
of discordant CSF and Amyloid PET results, we considered
only the pathologic result. Patients were classified as T+ or
T– if CSF p-tau concentrations were higher or lower than
cut-off values, respectively. Patients were classified as N
+ if CSF t-tau was higher than cut-off value.

Statistical analysis
Descriptive analyses: Descriptive statistical analyses were
conducted using IBM SPSS Statistics Software Version
25 (SPSS Inc., Chicago, USA) and the computing environ-
ment R4.2.3 (R Foundation for Statistical Computing,

Vienna, 2013). The distributions of variables were assessed
using the Shapiro-Wilk test. Patient groups were character-
ized using medians and interquartile ranges (IQR), frequen-
cies or percentages and 95% confidence intervals (95% C.I.)
for non-normally distributed variables and categorical vari-
ables, respectively. We employed the non-parametric
Mann-Whitney U test for between-group comparisons and
Spearman’s correlation coefficient to assess correlations
between numeric measures within the groups. Chi-square
test was used to compare categorical data. Effect sizes
were computed using η2 for the Mann-Whitney-U Test,
and Cramer’s V for categorical data. We used multiple
regression models for multivariate analysis to adjust for
potential confounders and to assess the associations
between variables. The groups were defined based on
dichotomous variables, including: women versus men,
younger versus older patients, patients with versus
without depressive symptoms, patients with versus
without insomnia, patients who used versus did not use
medications, patients with versus without worry about
SCD, women in menopause versus women not in meno-
pause, patients with versus without CSVD, women who
used HRT versus those who did not, patients with versus
without a family history of dementia, and patients with
versus without the APOE ϵ4 allele.

To evaluate the incidence rates of progression to MCI
and dementia within our cohort, we calculated the incidence
rate for each outcome over the follow-up period. The inci-
dence rate was defined as the number of new cases of
MCI that occurred during the follow-up period divided by
the total person-years at risk. Person-years at risk were cal-
culated by summing the time each patient remained under
observation, starting from their entry into the study until
the first occurrence of MCI, loss to follow-up, or the end
of the study period, whichever came first. Patients who
did not develop MCI contributed their total follow-up
time to the person-years calculation. The incidence rate
was then calculated using the following formula:

IR = New cases of MCI

Total person year at risk

To account for varying follow-up times among patients
in our cohort, we calculated the cumulative incidence
rates (CIR) of MCI for each year of follow-up. The cumu-
lative incidence rate for each year was determined by divid-
ing the number of new cases of MCI identified during that
year by the total number of patients who were still classified
as having SCD at the beginning of the year, after subtracting
any patients who were lost to follow-up during that period.

CIR at year t =
New cases of MCI at year t

SCD at the beginning of year t − Patients lost to followup at year t

Network analysis: To explore the relationship among
features at baseline, we applied a network analysis based
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on graph theory. To create the networks (based on Markov
random field [MRF] modeling), we used the polychoric cor-
relation method for the severity and distress data, using the
R-package qgraph37,38 in combination with Extended
Bayesian Information Criterion (EBIC) and the graphical
“least absolute shrinkage and selection operator” (glasso)
algorithm with a tuning parameter of 0.25.39 Missing data
were handled pairwise. An undirected graph describes the
relations in the MRF, with nodes (rectangles) representing
variables and edges (lines) representing interconnection
between them. We estimate three centrality indices
(betweenness, closeness, strength) and tested for significant
differences between edges weights and centrality indices
based on 2500 nonparametric bootstrap iterations.
Strength indicates which node has the strongest overall con-
nection, by measuring the average weight of its edges.
Betweenness measures the number of times a node lies on
the shortest path between two other nodes. Closeness sum-
marizes the average distance of a node to all other nodes in
the network. To estimate the stability of the order of the cen-
trality indices, we used a case-dropping bootstrap technique
(based on 2500 bootstrap iterations) together with the
correlation stability coefficient (Cs-coefficient). The
Cs-coefficient quantifies the maximum proportion of cases
or nodes, respectively, can be dropped at random to
retain, with 95% certainty, a correlation of at least 0.7
with the centralities of the original network. While no
strict cut-of value exists for the Cs-coefficient, its value
should be at least 0.25 and preferably higher than 0.5.40

Machine learning classification of patient conditions:
Demographic, clinical, cognitive, and genetic data were
used as input features to a machine learning pipeline,
based on the XGboost model.41 We considered ‘progres-
sing SCD” (pSCD) and ‘stable/reversible SCD’ (r/sSCD)
as output labels. The input raw data were subjected to
missing data imputation and minority class data oversam-
pling before feeding them to the classifier training.

Missing data for continuous variables was imputed using
the median value for each feature, while using the most fre-
quent value for categorical/binary variables. Median and
mode values of the training set are used to impute the
missing values both in the training and testing sets.

The processed features are then submitted to the SMOTE
algorithm,42 where the minority class (r/s-SCD in our
dataset) is oversampled to match the majority class numer-
osity by generating artificial samples. The algorithm selects
the minority class instance and finds its k nearest minority
class neighbors (we set k= 5). It then generates random
synthetic instances along the line segments joining these
neighbors. By using SMOTE, the effect of class imbalance
is hence mitigated, reducing the risks of bias in the trained
algorithm. The oversampling is only applied to training
samples.

To solve the binary classification problem, the processed
training dataset is then submitted to the XGboost algorithm.

XGboost is an ensemble learning algorithm, that uses boost-
ing of decision trees to perform the classification. Boosting
algorithms sequentially add weak learners (in this case,
decision trees) to the ensemble classifier, to improve the
performance of the overall model. XGboost implementation
of gradient boosted trees has shown state-of-the-art per-
formance in classification problems of tabular data.43

The training, validation and testing of the model fol-
lowed a nested cross-validation scheme44 that consists of
two loops of cross-validation. The inner validation loop
consisted of a 5-fold cross-validation: at each iteration, 4/
5 of the training data are used to train the XGboost
model, with different sets of hyperparameters, while 1/5 is
used to validate its performance. The model and the hyper-
parameters yielding the best performances, are then used in
the outer validation loop. This loop consists of a leave-
one-out cross-validation, performing unbiased testing of
the performance of the model on an unseen subject.

The following XGboost hyperparameters were opti-
mized in the cross-validation, using a randomized search
approach (with n= 100 iterations): maximum tree depth
(possible values: 1,2,3,5,8,10), learning rate (0.01, 0.1,
0.2, 0.3, 0.4), subsample (range between 0.5 and 1, step
0.1), column sample by tree (range between 0.5 and 1,
step 0.1), column sample by level (range between 0.5 and
1, step 0.1), and number of estimators (10, 50, 100, 500,
1000).

The performance metric used to optimize hyperpara-
meters was balanced accuracy, while the following per-
formance metrics were computed for the test set
performance: balanced accuracy, F1 score, precision,
recall, area under the ROC curve (AUC).45 Performance
metrics were bootstrapped to computed 95% confidence
intervals (10e3 iterations).

To inspect how each feature contributed to the output
classification on the test set, we computed SHapley
Additive exPlanations (SHAP) values.46 SHAP values are
a method used in machine learning to explain the output
of a model by assigning importance values to each
feature. These values are based on game theory and
provide insights into how each feature contributes to the
model’s predictions, by giving insights on both local and
global explanations of the model’s output.

Average absolute SHAP value was computed for each
feature, as an indicator of the average feature importance.
Confidence intervals were computed by bootstrapping the
SHAP values 1000 times. SHAP values were also visua-
lized per each feature to observe the directionality of the
decision (whether a higher value of the considered feature
positively or negatively influenced the model output).
Feature importance based on SHAP was compared among
features, by means of a bootstrap test (1000 bootstrap itera-
tions). P-values were corrected with the Bonferroni correc-
tion to account for multiple comparisons. The significance
level was set at 0.05.
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Results

Cross-sectional analysis
Characteristics of SCD patients at baseline: Features of
440 patients who underwent at least one baseline visit are
summarized in Table 1. The baseline median neuropsycho-
logical scores are presented in Supplemental Table 1. The
availability of patients at each level of the subsequent ana-
lyses is depicted in Supplemental Figure 1. Age at onset,
age at baseline visit and duration of symptoms were not nor-
mally distributed. Median age at onset and at baseline were
59.0 years (IQR= 13.0, min:max= 34:86) and 62.8 years
(IQR= 14.0, min:max= 34:84) respectively, with a
median latency period from onset to the baseline visit
(symptom duration) of 2.8 (IQR= 3.6). The vast majority
of patients were women (68.9% versus 31.1%, one-sample
t-test for proportion: p < 0.001). As expected, considering
the age at the baseline visit, the majority of women were
in menopause (89.2%). Family history of AD was reported
by about half of patients (56%). Regarding clinical features,
only 25 (6.9%) patients had depressive symptoms. 60% of
patients had CSVD at MRI scan. The majority of patients
with CSVD (55.1%) had a mild grade (Fazekas 1), only
eight and three patients had respectively moderate and
severe (Fazekas 2 and 3).

Comparison between women (n= 303) and men (n= 137).
Women were younger at onset (57.5 [14.0] versus 62.0
[12.7], p= 0.016) and at baseline (62.1 [13.1] versus 65.6
[13.7], p= 0.022), had lower proportion of APOE ϵ4
(17.7% versus 40.0%, χ2= 4.4, p= 0.036, V= 0.150),
higher MAC-Q (26.0 [3.0] versus 25.0 [2.0], p= 0.002)
and HDRS (6.1 [4.8] versus 4.5 [4.0], p= 0.002) and
lower scores in TIB (< 0.001). Women also had a higher
proportion of insomnia (58.5% versus 48.1%, χ2= 5.2, p
= 0.019, V= 0.116), use of SSRI/SNRI (20.42% versus
8.7%, χ2= 8.5, p= 0.004, V= 0.144) and anticholinergic
drugs (26.3% versus 15.1%, χ2= 6.2, p= 0.012, V=
0.123).

Regarding NPS, after age- and education adjustment,
women had lower score in tests assessing language
(Token test, p-adj= 0.001), executive function (TMT-B,
p-adj= 0.041) and spatial span (p-adj= 0.001).

As expected, regarding cardiovascular features, women
had lower proportion of hypertension (32.8% versus
51.3%, χ2= 11.5, p= 0.001, V= 0.177), lower proportion
of IFG (7.5% versus 15.6%, χ2= 5.4, p= 0.020, V=
0.128), lower proportion of previous smoking habit
(35.7% versus 57.5%, χ2= 15.8, p < 0.001, V= 0.206). To
exclude that these differences were due to the higher age
of men, we performed a multiple regression analysis that
confirmed that hypertension (p-adj= 0.017) and previous
smoking habits (p-adj= 0.001) were associated with
gender independently from age.

Comparison between younger (n= 233) and older (n= 207)
patients. Older patients (age at onset > 60) had less years
of education (12.0 [7.0] versus 13.0 [6.0], p < 0.001) and
lower premorbid intelligence (112.4 [5.4] versus 113.3
[8.1], p= 0.019), shorter symptom duration (3.6 [4.7]

Table 1. Demographic features of SCD patients.

Domain Variable

Median

(IQR)/ n (%) n

Demographics Age at onset 59.0 (14.0) 440

Age at onset > 60 207 (47.0) 440

Age at first visit 62.8 (14.0) 440

Symptoms duration 2.8 (3.6) 440

Women 303 (68.9) 440

Women in

menopause

231 (89.2) 258

Menopause age 50.0 (5.0) 230

Family history of

dementia

241 (56.6) 426

Clinical
Women with use of

HRT

71 (31.0) 209

Early menopause 6 (2.6) 210

Insomnia 224 (54.6) 410

HDRS 5.0 (6.0) 361

Depressive

symptoms

25 (6.9) 361

MMSE 27.9 (7.8) 433

MAC-Q 26.0 (4.0) 171

APOE ϵ4 57 (29.1) 196

Confirmation by

caregiver

50 (63.3) 79

Memory complaint 196 (92.0) 213

Worry about SCD 111 (74.0) 150

Cognitive
reserve

Years of education 13.0 (9.0) 439

TIB 112.8 (6.5) 371

Drugs
BZD use 58 (14.2) 409

SSRI/SNRI use 69 (16.8) 410

Anticholinergic use 94 (22.9) 411

Cardiovascular
features

Hypertension 142 (38.7) 367

Dyslipidemia 98 (29.3) 335

IFG or diabetes 33 (10.1) 328

Diabetes 14 (4.3) 328

Previous or current

smoking habit

161 (42.6) 378

Current smoking

habit

34 (9.0) 378

CSVD (Fazekas > 1) 135 (60.0) 225

Values quoted in table are median (IQR) or percentages. HRT: hormone

replacement therapy; HDRS: Hamilton Depressive Rating Scale; MAC-Q:

Memory Assessment Clinics-Questionnaire; TIB: Test di intelligenza breve;
BZD: benzodiazepine; SSRI/SNRI: selective serotonin reuptake inhibitors/

serotonin noradrenaline reuptake inhibitors; ACB: anticholinergic burden;

IFG: impaired fasting glucose; CSVD: cerebral small vessel disease. n
indicates the number of available data points per variable.
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versus 2.4 [2.4], p < 0.001) and higher proportion of APOE
ϵ4 (36.5% versus 23.4%, χ2= 5.4, p= 0.046, V= 3.973)
than younger patients. As expected, CSVD (72.6% versus
48.7%, χ2= 13.3, p < 0.001, V= 0.244), hypertension
(53.2% versus 26.0%, χ2= 28.5, p < 0.001, V= 0.279),
and dyslipidemia (37.2% versus 23.0%, χ2= 8.0, p= 0.005,
V= 0.155) were higher in older patients.

Comparison between patients with (n= 25) and without
(n = 336) depressive symptoms. The group of patients
with depressive symptoms (HDRS>13) had a higher pro-
portion of worry about SCD (100% versus 68.9%, χ2= 6.8,
p= 0.009, V= 0.225), a lower proportion of women in meno-
pause (70.6% versus 92.8%, χ2= 9.56, p= 0.002, V= 0.206),
and a higher proportion of use of SSRI/SNRI (34.8%
versus 16.6%, χ2= 4.8, p= 0.029, V= 0.119). Patients
with depressive symptoms also had lower scores in MMSE
(26.2 [IQR 3.2] versus 29.5 [IQR 3.8], p= 0.005) and in
neuropsychological assessing: spatial short-term memory
(spatial span [p= 0.009]), ecological memory (RMBT
[p = 0.044]), executive function (TMT-B [p= 0.008],
TMT-BA [p= 0.003]), and visuospatial abilities (ROCFC
[p= 0.021], figure copy [p= 0.001]). There were no other
differences between the groups. In particular, patients
with depressive symptoms did not have a higher proportion
of BZD compared to patients without (8.7% versus 14.8%,
p= 0.422).

Comparison between patients with (n= 224) and without
(n = 186) insomnia. As mentioned above, insomnia was
more frequent in women than in men (p= 0.019). Patients
with sleep disorder also have a higher prevalence of
CSVD (65.8% versus 52.0%, p= 0.040, V= 0.140) and
use of BZD (6.6% versus 20.6%, χ2= 16.2, p < 0.001, V
= 0.201), and a lower proportion of previous smoking
habit (37.6% versus 58.5%, p= 0.035, V= 0.110). In
women, sleep disorder was associated with a higher propor-
tion of use of HRT (23.1% versus 36.8%, χ2= 4.7, p=
0.029, V= 0.145). Patients with sleep disorder had higher
score in MAC-Q (26.0 [4.0] versus 25.0 [2] p= 0.003),
HDRS (6.4 [4.5] versus 4.3 [4.2], p < 0.001) and lower
scores in TIB (112.0 [7.7] versus 113.3 [6.2], p= 0.044)
and in a NPS for executive function (TMT-B, p= 0.045)
and verbal short-term memory (digit span, p= 0.026).

Associations with use of medications. Patients who were
taking BZD (58 out of 408) had lower scores in emotional
stability (41.0 [15.0] versus 51.0 [15.0], p= 0.020) and in
NPS assessing attention (MFTC, p < 0.001) and construc-
tional praxis (ROCFC, p= 0.018). Patients with use of
anticholinergics (94 out of 410) had a higher score in
HDRS (6.4 [5.0] versus 5.2 [4.3], p= 0.029), and lower
scores in attention (MFTC, p < 0.001) and constructional
praxis (CDT, p= 0.045). There were no differences

between patients who were taking SSRI/SNRI and patients
who were not.

Other comparisons. Patients with worry about SCD had longer
symptom duration (3.5 [5.0] versus 2.5 [2.6], p = 0.30),
higher MAC-Q (26.0 [3.0] versus 24.0 [3.0], p < 0.001)
and HDRS (6.7 [5.3] versus 3.1 [3.2], p < 0.001), lower emo-
tional stability (48.0 [17.0] versus 55.0 [1.0], p= 0.015),
and a lower score in social activities (7.8 [4.7] versus 9.6
[5.0], p= 0.030) compared to patients without worry.

As expected, women in menopause were older than
women not in menopause (median= 63.1 versus 49.2
years, p < 0.001, η2= 0.24). After age-adjustment, the
only significant difference was the proportion of depressive
symptoms, as 25% of non-menopausal women had depres-
sive symptoms (25% versus 9%, χ2= 5.2, p-adj= 0.022,
V = 0.152). There were no other differences between
these two groups in any other demographic, clinical, per-
sonality or neuropsychological variables.

Patients with CSVD were older than patients without.
There were no other differences between these two
groups after age-adjustment. There were no differences:
between APOE ϵ4 carriers and non-carriers (except for
the difference between men and women, as showed
above); between women that used HRT and women who
did not (except for the difference in sleep disorder, as
showed above); between patients with family history of
dementia and patients without.

Features associated with NPS scores. As shown above, some
NPS tasks were associated with more than one variable. To
investigate which variables independently influenced NPS
performances, we performed multivariate linear regression
models (Supplemental Table 2). All the models were also
adjusted for age at baseline and years of education. We
found that the presence of depressive symptoms was the
only significant variable in the multivariate model for
MMSE. Use of benzodiazepine and depressive symptoms
were the two variables associated with constructional
praxis, while benzodiazepine use, and anticholinergic use
were associated with attention performances. Executive
function was associated with depressive symptoms and
presence of insomnia. Finally, gender was the only deter-
minant of performances in spatial span and in a language
test.

Network analysis. To better understand the relationship
between gender, severity of SCD, depressive symptoms,
insomnia and use of drugs, we constructed a pairwise
Markov random-field (MRF) model considering the follow-
ing features as nodes: age at onset, gender, symptom dur-
ation, years of education (education), TIB, HDRS,
MAC-Q, insomnia, use of benzodiazepines, and use of
anticholinergics. Robustness analyses of the edges and the
centrality indices (see Methods) showed the following
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Cs-coefficients: 0.516 for edges, 0.516 for strength, 0.205
for closeness, and 0.05 for betweenness. Only edges and
strength can then be considered stable.40

We investigated the connection between gender, TIB
score (as a cognitive reserve index), age at onset, MAC-Q
score (as an estimation of SCD severity) and HDRS
score. The estimated network (Figure 1A) showed an
inverse connection between female gender and the score
at TIB, with a weight significantly stronger than all the
other edges, except for the connection between MAC-Q
and the use of anticholinergics (Supplemental Figure 2).
As expected, TIB and years of education were strongly dir-
ectly connected, with a weight significantly higher than all
the other edges, except for the connections between BZD
and anticholinergic use, and between BZD use and
MAC-Q. Age at onset was inversely connected with
symptom duration, education, and MAC-Q, with no differ-
ences among the weights of the three edges. MAC-Q was
directly connected with sleep disorder, use of BZD,
symptom duration, and female gender, with no differ-
ences among these edges, while it was inversely and
equally connected with the use of anticholinergics, age
at onset, and education. HDRS was directly and equally
(with no significant differences) connected with educa-
tion, female gender, the use of anticholinergics, and
sleep disorder.

The estimated network did not show connection between
HDRS and MAC-Q or between HDRS and age at onset.
MMSE had poor connection, directly with TIB and
inversely only with HDRS, BZD use and sleep disorder,
with no differences between edge weights. Significant dif-
ferences among edges are summarized in Supplemental
Figure 2.

Regarding centrality indexes, TIB, gender and use of
benzodiazepine had a higher strength compared to HDRS
and symptom duration (Figure 1B). TIB also had a higher
strength than age at onset. TIB and gender had a higher
closeness than HDRS, and MAC-Q. There were no signifi-
cant differences among the considered features regarding
betweenness.

Longitudinal analysis. 226 patients (159 [70.3%] women and
67 [29.7%] men) had at least one follow-up visit after one
year (Figure 2), with a median follow-up time of 9.7
years (IQR= 10.3, minimum: 2 years; maximum: 29.2
years). Among these, 136 patients (94 [69.1%] women
and 42 [30.9%] men) remained cognitively unimpaired.
This group included: 13 patients (nine women and four
men) diagnosed with depression (one of them reverted to
absence of cognitive complaint after therapy with SSRI);
three women diagnosed as affected by OSAS; one woman
with vitamin B12 deficit whose SCD reverted to absence
of cognitive complaint after B12 correction. None of the
12 patients diagnosed with depression were taking SSRI/
SNRI or BZD before the diagnosis and only two patients

had subthreshold depressive symptoms at baseline. For
119 patients with stable SCD, we did not identify any
potential underlying cause. We defined them as SCD of
unknown cause.

Eighty-seven patients (63 [72.4%] women and 24
[27.6%] men) showed progression to objective cognitive
decline (MCI) and were classified as progressing SCD
(p-SCD). Among these, 27 (18 women and nine men)
patients furtherly progressed to dementia, including 25
patients with AD, one with vascular dementia (VaD, with
negative AD biomarkers) and one patient with frontotem-
poral dementia (FTD, started as non-fluent primary progres-
sive aphasia). Finally, three patients developed a
neurological disease without dementia (Parkinson’s
disease, ischemic stroke and hemorrhagic stroke due to
amyloid angiopathy).

Three patients who were younger than 40 at onset pro-
gressed to MCI. One of them progressed to AD dementia
(a woman with estimate onset of SCD at her 23, she had
the first neurological assessment at 49 and developed
dementia when she was 57 years old); another one (a
woman with onset at 33 and first evaluation at 49) had posi-
tive Amyloid-PET performed when she was 51. None of the
patients who had the first neuropsychological visit before
49 years developed MCI.

Incidence rate of MCI and dementia. The median progression
time from SCD to MCI was 7.2 (IQR= 5.2) years (range:
1.0–20.0), with a mode at two years. Median progression
time from SCD to dementia was 10.8 (IQR= 8.7) years
(range: 3.4–22.1) with two modes at 6, and 16 years.
Based on follow-up time of each patient, we calculated
the IR per person-year that was: 4.3% (95% C.I.= 3.5;
5.3) for progression to MCI and 1.2% (95% C.I.= 0.8;
1.7) for conversion to AD (Table 2). We found no associ-
ation between time of progression to MCI and conversion
to AD with any demographic, clinical, genetic or personal-
ity variable.

To explore how the rate of progression to MCI was dis-
tributed along the follow-up period, we calculated CIR per
each year (Supplemental Figure 3). We identified a first
peak of incidence within two years (11%) a second peak
at 8 years (16%) and the highest incidence after 17 years.

Based on this distribution, we hypothesized the exist-
ence of three population of patients that we defined as:
early-progressor (within two years), mean-progressor
(within 15 years), late-progressor (after 15 years). We
split the group of p-SCD patients according to this classifi-
cation and tested for differences between these three groups.
There were no differences regarding any of the demo-
graphic, clinical, genetic, personality and neuropsycho-
logical variables, except for scores at Trail Making Test
B-A (early-progressors < late-progressors, p= 0.034) and
ROCFR (early-progressors < late-progressors, p= 0.004;
mean-progressor < late-progressors, p= 0.04).
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Figure 1. Estimated network (A) and centrality indexes (strength, betweenness and closeness) and differences in centrality indices

among features (B). (A) Nodes (features) are represented in rectangles and links between nodes (edges) are represented as lines. Each

edge represents the interconnections between two features after conditioning on all of the other features. Thickness of edges indicate

weight of edges in the network. Blue lines indicate positive inter-connections. Red lines indicate negative inter-connections. The plot

was arranged in a circular layout. (B) Strength indicates which node has the strongest overall connection. Betweenness measures the

number of times a node lies on the shortest path between two other nodes. Closeness summarizes the average distance of a node to all

other nodes in the network. Black boxes indicate significant differences, gray boxes indicate non-significant differences. The values in

the boxes along the diagonals indicate the strength, closeness, and betweenness values for each variable.
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Comparison between reversible/stable and progressing SCD.
For the purposes of this analysis, we considered two
groups: i) p-SCD patients, including 87 patients; ii) patients
with reversible/stable SCD with at least 10 years of
follow-up (r/s-SCD), including 56 patients. We selected
this group of patients to reduce the underestimation of pro-
gression to objective cognitive impairment in patients with
a too short follow-up time. None of the patients included in
this analysis was younger than 40 at the baseline assessment
(min:max= 42:86 years).

We compared p-SCD and r/s-SCD (Table 3): p-SCD
were older, had lower score in MMSE and higher emotional
stability at baseline, had a higher proportion of APOE ϵ4
and use of BZD, SSRI/SNRI and anticholinergic drugs
than r/s-SCD.

p-SCD also had lower scores in neuropsychological
task for ecological memory (RMBT, p= 0.021), short-
term memory (digit span, p= 0.007), and constructional
praxis (CDT, p= 0.047). Among these, only digit span
(B =−0.43, p-adj= 0.018) remained significantly different

between the two groups after age- and education-
adjustment.

We ran a backward logistic regression analysis consider-
ing the classification as r/s-SCD or p-SCD as dependent
variables and age at 1° visit, age at onset, MMSE, APOE
ϵ4, emotional stability, depressive symptoms, use of
BZD, us of SSRI/SNRI and use anticholinergics covariates.
The final model was statistically significant (χ2= 31.9, p-adj
< 0.001) and included as significant covariates: age at onset
(B= 0.07, p-adj= 0.031), MMSE (B=−0.30, p-adj= 0.041),
APOE ϵ4 (B= 1.83, p-adj= 0.010) and emotional stability
(B= 0.062, p-adj= 0.032). Use of SSRI/SNRI was include
in the model but did not reach the statistical significance
(B= 2.00, p-adj= 0.071).

Machine learning model. The XGBoost model with opti-
mized hyperparameters achieved a balanced accuracy of
74.37% [66.97:80.90]. Other performance metrics are
reported in Supplemental Table 3 and Supplemental
Figure 4. Average absolute SHAP values for each feature
are reported in Figure 3A, while single subject SHAP
values for the top 20 features are depicted in Figure 3B.
The significantly different comparisons between feature
importances after Bonferroni correction are shown in
Figure 3C and their raw p-values in Supplemental Figure 5.

Amyloid and neurodegeneration biomarker analysis. Among
patients who underwent CSF or Amyloid PET, 33.3%
were A+ . The majority of them (16.2%) had a A+/T+/N
+ profile while only two patients had a A+/T+/N- profile.
Three patients (8.1%) had a A-/T-/N+ profile. Only one
patient had a A-/T+/N+ profile (Figure 4). There were no
differences regarding any considered (demographic, clinical

Figure 2. Different trajectories of SCD during the follow-up.

Table 2. Descriptive statistics of progression time to MCI and

conversion time to AD.

Progression time

to MCI

Conversion to

dementia

Mean (SD) 8.1 (5.2) 11.0 (4.9)

Median (IQR) 7.2 (5.2) 10.8 (8.7)

Mode 2 6, 16

Min:max 1.0 : 20.0 3.4 : 22.1

IR, % (95% C.I.) 4.3 (3.5 : 5.3) 1.2 (0.8 : 1.7)

Progression and conversion time are expressed as years. IR: incidence rate

per person-year
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or cognitive) feature between A- and A+ patients.
Concentrations of CSF biomarker and proportions of posi-
tivity for each biomarker are shown in Supplemental
Table 4.

Longitudinal analysis of the subgroup with AD biomarker
assessment. Patients who underwent AD biomarker assess-
ment (CSF or Amyloid-PET) had a median follow-up time

of 2 years (IQR 0.7, min:max= 0.2:9.6). During this period,
ten patients progressed to MCI (p-SCD) in a median time of
2.3 (IQR= 1.5, min:max= 1.4:5.7). Patients who did not
progress had a median follow-up time of 2.0 (IQR= 1.3,
min:max= 0.2:9.6). No patient progressed to dementia.
Among p-SCD patients, eight (80.0%) were A+ at baseline.
Six out of 14 (42.6%) patients who were A+ did not
progress during a median follow-up time of 3.2 years

Table 3. Comparison between r/s-SCD and p-SCD.

Demographics r/s-SCD (56) p-SCD (87) p

Age at onset 52.0 (11.0) 62.0 (10.0) <0.001
Age at onset > 60 12/53 (21.4) 51/87 (58.6) <0.001
Age at 1° visit 58.1 (12.0) 65.18 (10.0) <0.001
Symptoms duration 3.8 (5.0) 2.8 (2.3) 0.199

Follow-up time 15.6 (6.0) 12.6 (9.4) 0.001
Women 36/53 (64.3) 63/87 (72.4) 0.188

Menopause age 51.0 (6.0) 50.0 (8.0) 0.790

Family history of dementia 30/56 (53.6) 52/87 (59.8) 0.595

Confirmation by caregiver 3/6 10/14 0.357

Memory complaint 46/48 (95.8) 62/64 (96.9) 0.735

Worry about SCD 24/30 (80.0) 29/39 (74.4) 0.409

Clinical
Women with use of HRT 10/36 (27.8) 14/63 (22.2) 0.413

Early menopause 0/33 (0) 2/62 (3.2) 0.311

Sleep disorder 27/57 (47.4) 48/85 (56.5) 0.224

HDRS 3.0 (6.0) 4 (6.0) 0.959

Depressive symptoms 6/49 (12.2) 4/76 (5.3) 0.160

MMSE 30.0 (3.0) 27.0 (4.0) <0.001
MAC-Q 26.0 (2.0) 26.0 (4.0) 0.785

APOE ϵ4 7/47 (14.9) 33/71 (46.5) <0.001
Cognitive reserve
Years of education 13.0 (7.0) 11.0 (5.0) 0.223

TIB 112.0 (6.3) 111.9 (9.8) 0.296

Intellectual activities 18.5 (5.4) 17.8 (8.0) 0.755

Social activities 8.8 (5.0) 8.6 (4.6) 0.399

Physical activities 5.0 (4.6) 5.7 (4.3) 0.482

Drugs
BZD use 4/57 (7.0) 16/85 (18.8) 0.027
SSRI/SNRI use 3/53 (5.7) 16/85 (18.8) 0.027
Anticholinergic use 8/57 (14.0) 22/85 (26.2) 0.036
Cardiovascular features
Hypertension 16/55 (29.1) 27/84 (32.1) 0.831

Dyslipidemia 8/55 (14.5) 25/84 (29.8) 0.053

IFG or diabetes 5/55 (9.1) 7/81 (8.6) 0.848

Diabetes 3/55 (5.5) 3/81 (3.7) 0.575

Previous or current smoking habit 17/56 (30.4) 29/82 (35.4) 0.598

Current smoking habit 5/56 (8.9) 9/82 (10.9) 0.756

CSVD 23/40 (57.5) 40/61 (65.6) 0.286

Personality traits
Energy 45.0 (12.0) 44.0 (11.0) 0.579

Friendship 50.0 (13.0) 49.0 (15.0) 0.265

Conscientiousness 47.0 (15.0) 48.0 (10.0) 0.366

Emotional Stability 46.5 (16.0) 54.0 (16.0) 0.008
Openness 45.0 (16.0) 46.0 (18) 0.886

Values quoted in table are median (IQR) or frequencies (percentages). Groups were compared between cohorts using Mann-Whitney U test or

Chi-square tests. Statistically significant cohort group differences (p < 0.05) are bolded. HDRS: Hamilton Depression Rating Scale; MAC-Q: Memory

Assessment Clinics – Questionnaire; MMSR: Mini-Mental State Examination; TIB: Test di Intelligenza Breve; APOE: apolipoprotein E; SSRI/SNRI: selective

serotonin reuptake inhibitor/serotonin and noradrenalin reuptake inhibitor; IFG: impaired fasting glucose; CSVD: cerebral small vessel disease.
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Figure 3. Feature importance based on SHAP values. (A) Mean absolute value of the mean SHAP value for each feature. Error bar

indicates 95% confidence interval obtained by bootstrapping (n= 10e3). Color labels indicate different domains of the input variable.

(B) SHAP values, divided by feature, for each subject for the top 20 features. Each dot indicates a single subject, and the colorbar

depicts the (min-max normalized) value of the feature. (C) Significance of the bootstrap test for pairwise comparison between feature

importances. Each square represents the binary significance of the comparison between two feature importance weights. Darker

squares indicate significant differences between the two features, lighter squares indicate that the difference is not significant (alpha=
0.05, Bonferroni corrected).
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(IQR= 1.9, min:max= 1.4:5.7). Twenty-seven out of 29
(93.1%) patients who were A-, did not progress to MCI.
To be noted, among the two p-SCD patient who were A-,
one had a CSF Aβ42/Aβ40 of 0.066 (cut-off < 0.062) and
was T+ and N+, but did not underwent amyloid-PET.
The other one only underwent amyloid-PET and did not
undergo CSF biomarker assessment.

Discussion

Characteristics of SCD population
Demographic characteristics and APOE ϵ4 proportions in
our sample align with previous memory studies.47,48

Women constituted more than twice the number of men,
consistent with prior research,49 and exhibited younger
age, lower education levels, more severe SCD, and higher
rates of depressive symptoms and sleep disorders.
Conversely, men had a higher proportion of APOE ϵ4, sug-
gesting that SCD in women may be linked to reversible
causes (mood or sleep disturbances), while in men it may
be more associated with underlying pathological processes.

The age of onset in SCD spans a broad range (34–86
years). Patients over 60 showed a higher rate of cognitive
decline progression, more APOE ϵ4 carriers, and a higher
prevalence of factors that could influence cognitive
decline, such as lower cognitive reserve50,51 and a greater
incidence of hypertension and CSVD.52 Thus, older
patients clearly require closer monitoring for potential cog-
nitive decline progression, while younger patients are more
likely to experience treatable conditions that may adversely
affect their quality of life.20 Among clinical features, insom-
nia and mild CSVD affected up to 60% of the sample, while
other conditions, such as early menopause, depressive

symptoms, diabetes, or smoking, were present in less than
10% of patients.

Factors influencing cognitive performance and SCD
presentation
Cognitive performance, specifically in constructional
praxis, attention, executive function, and auditory compre-
hension, was associated with gender, depressive symptoms,
insomnia, and the use of benzodiazepines or anticholinergic
drugs. These neuropsychological functions, however, are
not associated with future progression to MCI or demen-
tia,53 indicating that slight variations in scores may reflect
modifiable conditions present at baseline rather than a risk
of cognitive decline. To explore the relationships between
SCD severity, gender, depressive symptoms, and cognitive
reserve, we constructed a Markov random field network.
Two primary poles emerged in the network: one connecting
gender, cognitive reserve, age at onset, and symptom dur-
ation, and another linking SCD severity with medication
use and insomnia. Interestingly, depressive symptoms
were not connected with SCD severity or age at onset.
Indeed, “depressive symptoms” was the least central
feature in the network. However, it was a significant pre-
dictor of MMSE, executive function, and constructional
praxis scores. This suggests that while depressive symp-
toms may not drive the onset or severity of SCD, they influ-
ence the SCD cognitive profile. This supports prior findings
of a synergistic relationship between SCD and depressive
symptoms, rather than a direct cause-effect link.49

Benzodiazepine use had a notable impact on SCD severity,
consistent with earlier studies.12 As expected, benzodiazep-
ine use is also strongly associated with sleep disorders. We
are unable to establish a clear causal relationship (whether
insomnia leads to increased benzodiazepine use and, conse-
quently, greater SCD severity, or if the severity of SCD con-
tributes to both insomnia and increased benzodiazepine
use). However, it is plausible that insomnia, benzodiazepine
use, and SCD severity are interconnected, with each factor
mutually influencing and exacerbating the others.

SCD progression trajectories
Progression from SCD to objective cognitive decline is a
slow process, with median times to MCI and dementia of
7 and 11 years, respectively. The incidence rates per person-
year were 4.3% for MCI and 1.2% for dementia, aligning
with previous findings.9,54 AD was the most common diag-
nosis among those who progressed to dementia, as previ-
ously reported,55 with only one patient diagnosed with
vascular dementia and another with non-fluent/agrammatic
variant of primary progressive aphasia. In our sample, the
most common non-degenerative causes of SCD was

Figure 4. Donut plot showing proportions of biomarker profile

in SCD patients. Values plotted in the donut are percentages. The

proportion of A+ patients referred to the group of 37 patients

who underwent CSF.
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depression, followed by obstructive sleep apnea syndrome
(OSAS), and vitamin B12 deficiency, all of which are
recognized contributors to cognitive impairment also in lit-
erature.56–58 However, in the majority of cases, no under-
lying cause was identified, leading us to classify these
patients as having SCD of unknown cause. Three cases of
progression to MCI, and even early-onset Alzheimer’s
disease, were observed in patients with early age of onset
(23 years). Although it is challenging to definitively prove
that SCD reported by individuals in their twenties could
represent the first signs of an underlying degenerative
process, the symptom duration and time to disease progres-
sion in these cases are consistent with the timeframe
required for Aβ deposition to advance to cognitive impair-
ment. Hence, SCD in young individuals deserves attention,
especially as we enter the era of DMTs, to identify patients
who may benefit from early intervention.

Predictors of progression to MCI and dementia
Our machine learning model predicted progression from
SCD to MCI and dementia with good accuracy and pro-
vided a hierarchical ranking of the contributing variables.
Interestingly, only a small subset of features is completely
discarded (SHAP-value 0), while the rest are all used,
albeit in very different proportions. The most prominent
result was the importance of age at onset, surpassing all
other variables, followed by APOE ϵ4, confirming previous
researches.24,53,59 Neuropsychological tests (evaluating
memory and executive functions), personality traits, and
cognitive reserve proxies emerged as some of the most
important predictors, confirming previous findings,53,60

and significantly outweighing other variables. Insomnia
emerged as the most significant clinical predictor, corrobor-
ating earlier findings.61 Despite the influence of gender on
SCD, its role in progression to dementia was minimal.
Similarly, depressive symptoms and the use of benzodiaze-
pines or anticholinergics were less important. This suggests
that while these factors contribute to SCD’s presentation,
they may not be linked to cognitive decline progression.
Previous research showed that greater white matter signal
abnormalities and elevated cardiovascular risk are asso-
ciated with increased likelihood of amyloid burden and pro-
gression to dementia.52,62 In our cohort, metabolic and
cardiovascular comorbidities did not significantly impact
SCD, though it is important to note that the prevalence of
these conditions was lower compared to other studies,47

likely due to the inclusion of younger participants.

Prevalence of AD in SCD population
More than one-third of patients were A+, a proportion that
exceeds the reported prevalence of abnormal Aβ in

populations without SCD.63,64 Furthermore, we observed
distinct trajectories in SCD patients based on their bio-
marker status: 80% of those who progressed to MCI were
A+, with the two remaining patients potentially represent-
ing false negatives. Only two out of 29 patients with nega-
tive AD biomarkers progressed to MCI. Although our
subsample size is small, these data may indicate that pro-
gression from SCD to MCI is, in most cases, suggestive
of future progression to AD.

Approach to managing SCD patients
We propose an operational protocol (Figure 5), based on the
findings discussed in previous sections and currently imple-
mented in our memory clinic (Supplemental Figure 6). We
distinguish between clinical and research settings and
define specific time points: baseline, short-term follow-up,
and long-term follow-up. For the baseline assessment, we
provide a comprehensive list of features to evaluate and
tests to perform. The short-term follow-up period should
focus on the timeframe during which a patient is most
likely to progress, determined by their risk status. Based
on our findings of multiple peaks in MCI incidence, we rec-
ommend short-term follow-up intervals of two to five years.
Long-term follow-up is the phase where, depending on the
patient’s trajectory, decisions can be made to either dis-
charge the patient or conduct further evaluations. We iden-
tify three potential trajectories:

1. Reverted SCD: the patient no longer reports symp-
toms of SCD and can be discharged, with recom-
mendation for re-evaluation if symptoms reoccur.

2. Stable SCD: the patient continues to report cognitive
decline, but without evidence of worsening in neuro-
psychological evaluations. Additional tests may be
considered: in particular we suggest brain [18]
F-FDG-PET or repeated brain MRI as indicators of
neurodegenerations.36

3. Progressive SCD: the patient shows progression to
MCI or exhibits neuroimaging evidence suggestive
of neurodegeneration, warranting AD biomarker
testing.

In all other cases, we concur with the AA Workgroup,
which recommends that AD biomarkers be assessed
solely for research purposes.36 For patients undergoing
AD biomarker analysis (CSF-based, imaging-based65 or
blood-based biomarkers66,67), we recommend applying
the revised criteria for AD,36 classifying SCD patients
with positive biomarkers as “AD with SCD” and recom-
mending annual follow-up, psychological support, and
potential enrollment in AD therapy trials. Patients with
negative biomarkers should be classified as “SCD not due
to AD” and managed based on the results of the baseline
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assessment and any additional biomarkers for other dis-
eases, if available.

Limitations and strengths
Key limitations of our study include a high proportion of
missing data, limited availability of AD biomarkers, and
follow-up data for only half of the sample. Among patients
with at least one follow-up visit, follow-up duration varied
substantially (range, 2–30 years), introducing considerable
heterogeneity. To minimize potential bias in the machine
learning analysis (particularly the risk of underestimating
disease progression due to shorter follow-up periods) only
r/s-SCD patients with at least 10 years of follow-up were
included. Some clinical variables were obtained anamnesti-
cally, and CSVD was evaluated via visual inspection.
Although certain anxiety symptoms were captured in the
HDRS, a dedicated instrument for assessing anxiety was
not available. Moreover, an independent validation
sample and a control group of cognitively healthy indivi-
duals are lacking. Despite these limitations, the study’s
strengths include a comprehensive set of variables covering
multiple aspects of SCD and extensive follow-up.
Moreover, this is the first study that provides a clinical-care
guideline for the management of patients with SCD.

Conclusions
We detailed characteristics of SCD, and their impact on
cognitive decline progression. Based on these findings,
we proposed a protocol for managing SCD that not only
focuses on detecting neurodegenerative conditions but
also addresses non-degenerative causes. Given the wide-
spread nature of SCD, we emphasize the importance of tai-
lored monitoring based on individual risk factors. This work
has a clinical and care-related impact on the management of
SCD, laying the groundwork for developing guidelines for
its management.

Ethical considerations
All subjects were recruited in accordance with the Declaration of
Helsinki and with the ethical standards of the Committee on
Human Experimentation of Careggi University Hospital
(Florence, Italy). The study was approved by the local
Institutional Review Board (“Comitato Etico di Area Vasta
Centro” reference 15691oss).

Consent to participate
All participants in this study provided informed consent, agreeing
to participate and to share the results deriving from their data.

Figure 5. Proposal for a management protocol of SCD. The proposal is divided into two main components: one for clinical practice

and another for research purposes. For the clinical setting, we have identified three key time points: baseline, short-term follow-up, and

long-term follow-up. The baseline assessment includes all evaluations and tests that should be conducted at the initial examination of

patients. The short-term follow-up management depends on the baseline assessment results: if a potential cause of SCD is identified,

the patient should receive appropriate treatment and be followed up accordingly. If no cause is found, we propose classifying the patient

as having “SCD of unknown cause” and performing neuropsychological assessments (NPS) after 1–2 years. Subsequent NPS evaluations

should be guided by the estimated risk of cognitive decline progression. This risk assessment is based on our machine learning results

and prior literature, with the primary determinant being age at onset: low risk if the onset age is <60 years (follow-up NPS after ∼5
years), and high risk if the onset age is >60 years or if APOE ϵ4 is present (follow-up NPS after ∼2 years). After this period, it is possible
to determine the SCD trajectory: reverted SCD (if symptoms are no longer present), stable SCD (if the patient still reports cognitive

decline with no progression in NPS tests), or progressing SCD (if NPS shows worsening cognitive performance or brain imaging

indicates neurodegeneration). In the latter case, we recommend considering AD biomarker assessment. In a research context, if an

SCD patient undergoes AD biomarker assessment, we suggest applying the diagnostic criteria recently proposed by the Alzheimer’s
Association Workgroup.
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