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Cognitive reserve (CR) reflects brain’s resilience to pathology, enabling to maintain function despite structural
damage. This study investigates its role in young-onset cognitive impairment (<65 years) beyond brain integrity
and neurodegeneration. Participants underwent neuropsychological assessment — including the Cognitive

COgnm_On X . Reserve Index questionnaire (CRIq) —, magnetic resonance imaging (MRI), and blood neurofilaments light-chain
Neurofilaments light-chain .. . o fs . I
MRI (NfLs) measurement. Scores of global cognition and domain-specific cognition were derived from Principal

Component Analyses of neuropsychological results. Linear regression models estimated CR’s contribution to
global and domain-specific cognition, alongside age, sex, MRI measures, and NfLs as predictors. Among the 115
participants, global cognition was significantly explained by CR [effect size (ES) = 0.229], grey matter volume (ES
= 0.348), and NfLs (ES = —0.302). The effect of CR was prominent on language and attentional-executive functions:
while the CRIq subscore related to education predicted performance in both these domains, the subscore related
to leisure activities was positively associated with the language domain only. These findings highlight CR’s
protective role in young-onset cognitive impairment, particularly for non-amnestic cognitive domains. Since a
high CR can mask or compensate for neurological cognitive disorders delaying its diagnosis, our results suggest
that measures of CR, including time spent on leisure activities, should be considered when interpreting neuro-
psychological tests.

1. Introduction physical, intellectual, and social activities — or anything that enhances

cognitive engagement in everyday life — can improve the performance

In clinical settings, individuals with subtle cognitive deficits identi-
fied by a neuropsychological assessment, and not interfering with
everyday functioning, are diagnosed with Mild Cognitive Impairment
(MCI) (Petersen et al., 2014) regardless of the underlying cause. How-
ever, several factors such as anxiety, depression, alcohol or substance
abuse, and comorbid health conditions can contribute to abnormal
scores on neuropsychological assessment, even if there are no neuro-
logical diseases, while high levels of education and time spent on
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on cognitive testing (Alvares Pereira et al., 2021), masking or compen-
sating for the clinical manifestation of an underlying neurological con-
dition. The concept of cognitive reserve (CR) captures such a
discrepancy and implies that a brain that has been engaged and stimu-
lated during life will better cope with damage by using pre-existing skills
and abilities (Reserve and Resilience, 2025; Stern et al., 2020, 2023;
Stern, 2002). A positive association between CR and cognitive perfor-
mance across adulthood has been demonstrated, as well as the fact that
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high CR has a protective role against the risk of developing MCI and
dementia in older age groups, both cognitively healthy (Weaver &
Jaeggi, 2021) and cognitively impaired (Corbo et al., 2023). However,
there is still limited knowledge regarding the impact of CR when
cognitive symptoms manifest at an early age, specifically prior to 65
years (i.e., in individuals experiencing young-onset cognitive impair-
ment). While the prevalence of neurodegenerative diseases increases
with age, these conditions also affect younger individuals (Chiari et al.,
2021). Although CR is a fluid construct that continues to change across
the whole life, understanding its impact on cognitive performance at any
time, even in people with young-onset mild cognitive symptoms, may
reveal to be crucial in guiding clinical decision-making on whether a
diagnosis of cognitive impairment should be given or not, and whether
second-level investigations should be performed.

Several proxies such as education, premorbid intelligence quotient,
or occupational attainment have been used to estimate CR (Jones et al.,
2011). Specific questionnaires have also been developed, including —
among others — the Cognitive Reserve Index questionnaire (CRIq)
(Nogueira et al., 2022; Nucci et al., 2012). Another way to estimate CR
indicated as residual method (Reed et al., 2010) assumes that CR can be
measured as the residual variance in cognition not explained by known
measures of brain integrity [e.g., grey matter (GM) volume, hippocam-
pal volume, perivascular spaces] or by demographical variables. Across
the literature, studies measuring CR with questionnaires such as the
CRIq have only marginally considered the effect of such other variables
in explaining cognitive performance (Lee et al., 2020; Ye et al., 2022).
The aim of the present study was to estimate the role of CR, directly
measured with the CRIq, in relation to cognitive performance in people
with young-onset cognitive impairment, above and beyond variables
measuring cerebral neurodegeneration [i.e., neurofilaments light-chain
(NfLs), GM atrophy, and white matter (WM) microstructural charac-
teristics]. We hypothesized that CR would significantly modulate
cognitive performance and explored in which cognitive domains its ef-
fect would be most prominent in this young-onset population.

2. Materials and methods
2.1. Participants

Individuals with a clinical diagnosis of MCI (Petersen et al., 2014)
and symptoms onset before the age of 65 seen in the Cognitive
Neurology Clinics of Modena University Hospital and Arcispedale Santa
Maria Nuova in Reggio Emilia (Italy) between 2019 and 2023 were
considered eligible. We excluded patients with a medical history sug-
gestive of a vascular, traumatic, or other focal brain lesion as the aeti-
ology of the cognitive impairment, Parkinson’s disease, Huntington’s
disease, inflammatory diseases of the central nervous system or major
psychiatric disorders (e.g., schizophrenia, bipolar mood disorder). Par-
ticipants underwent neurological examination, extensive neuropsycho-
logical assessment, blood exams, and magnetic resonance imaging (MRI)
scan, as detailed below. The study was approved by the Local Ethics
committees (832/2018/SPER/AOUMO and AUSLRE n. 2019/0009686)
and conducted in accordance with local clinical research regulations and
conformed to the Declaration of Helsinki. Participants gave written
informed consent to participate in the study before taking part.

2.2. Neuropsychological assessment

The neuropsychological battery explored the following cognitive
domains: language, memory, visuospatial abilities, and attentional-executive
functions. The specific tests and questionnaires included are detailed in
Supplementary Material.

CR was evaluated using the CRIq (Nucci et al., 2012), aimed at
measuring lifetime CR accumulated from the age of 18 onward. The
questionnaire returns four scores: CRIg-Education, derived by years of
education and training; CRIq-WorkingActivity, resulting from the type
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of adulthood profession based on five different possible levels of intel-
lectual involvement and personal responsibility; CRIq-LeisureTime,
from the all types of activities carried out during leisure time (e.g., in-
tellectual, social, and physical activities); and CRIq-Total, which com-
bines all the previous measures. Due to the presence of cognitive
complaints, the questionnaire was administered by addressing questions
to both participant and caregiver together. However, since participants
had only very subtle deficits, they were usually the primary respondents.
Caregivers intervened only when needed, helping to clarify or confirm
responses for greater accuracy.

2.3. Blood testing

Patients underwent the measurement of serum NfLs, a biomarker of
axonal degeneration considered non-specific and informative across
diseases (Gaetani et al., 2019). Serum NfLs concentration was deter-
mined via immune-enzymatic test on Simple Plex NfLs Assay on Ella
microfluidic platform (ProteinSimple® Bio-Techne), according to the
manufacturer’s instructions. Calibration was performed using in-
cartridge factory standard curves. Blood samples were centrifuged
upon arrival, and the serum was stored in aliquots at — 80 °C. Before
testing, samples were thawed and centrifuged at 2500 x g for 5 min in
strict accordance with the manufacturer’s protocols. The quantification
method has been explained in detail elsewhere (Urbano et al., 2024).

2.4. Image acquisition and analysis

Images of patients were acquired on a 3T GE Signa Architect scanner
in Ospedale Civile di Baggiovara, Modena, equipped with a 48-channel-
array head coil. The multimodal MRI protocol included, among other
sequences, high-resolution T1-weighted 3D MP-RAGE structural images
(TR 2 sec; TE 3.1 msec; FOV 172 x 256 x 256 mm3; voxel size 1 mm
isotropic) and diffusion tensor imaging (DTI) (TR 7 sec; TE 108.7 msec;
slice thickness 2.5 mm; voxel size 2.5 mm isotropic; 64 diffusion di-
rections; b 1000 sec/mm?). Images were analysed using FSL (FMRIB
Software Library) v6.0 software (https://fsl.fmrib.ox.ac.uk/fsl) and
Freesurfer v7.3.2 software (Fischl et al., 2002).

The processing of structural T1-weighted volumes consisted of brain
extraction and calculation of total intracranial (TIV) and grey matter
(GM) volumes. Brain extraction and TIV computation were performed
with the “mri_synthstrip” routine from Freesurfer (Hoopes et al., 2022).
GM segmentation was computed from the brain extracted images using
the GM probability map obtained with the “fast” routine of FSL (Zhang
et al., 2001), with a threshold of 0.25. GM volume was calculated with
the FSL tool “fslstats” and divided by the TIV, to give a GM volume
normalized by TIV (and thus more comparable across subjects).

DTI images were processed with the FSL tools “bet” (brain extrac-
tion) and “eddy”, which corrects for eddy currents and patient motion
(Smith et al., 2004). Then, the “dtifit” tool of FSL was used to obtain
fractional anisotropy (FA) maps, which were registered tothe 1 x 1 x 1
mm FMRIB58 _FA standard template, using Tract-Based Spatial Statistics
(TBSS) (Smith et al., 2006). Finally, the FA mean value inside the skel-
eton mask in standard space was computed for each subject with
“fslstats”.

2.5. Statistical analysis

2.5.1. Descriptive statistics and multiple imputation of missing data
Descriptive statistics of demographic, cognitive, NfLs, and neuro-
imaging variables were performed with Stata version 15 and reported as
median score and interquartile range. Missing data in cognitive tests
were estimated with a Multiple Imputation model (Rubin, 1987), using
Predictive Mean Matching (PMM) (Little, 1988). Analyses were per-
formed in R using the “mice” package (van Buuren & Groothuis-
Oudshoorn, 2011). For more details, see Supplementary Material.
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2.5.2. The effect of CR on cognition: Regression models

The dataset was standardized so that all variables had zero mean and
the same variance. A Principal Component Analysis (PCA) was then
performed on the cognitive test scores. As the first principal component
represents the direction of maximum inter-subject variance, we have
considered it as a measure of global cognitive performance (hereafter,
global cognition); thus, it was used as the outcome variable in a linear
regression model that included, as predictors, the CRIg-Total score, age,
sex, serum NfLs, FA mean value, total GM volume and TIV.

To examine if there was a cognitive domain more affected by CR,
analyses were repeated after grouping the cognitive tests in four sub-
categories, each representing a specific domain: (I) Language — Boston
Naming Test, phonemic fluency, and semantic fluency; (II) Memory —
forward Digit and Corsi span, immediate and delayed free recall and
index of sensitivity of cueing of Free and Cued Selective Reminding Test
, immediate and delayed recall of Babcock Short Tale, Corsi Supraspan,
and delayed recall of Rey-Osterrieth Complex Figure (ROCF); (1II) Vi-
suospatial abilities — copy of ROCF, Judgment of Line Orientation, and
Clock Drawing Test; (IV) Attentional-executive functions — backward Digit
and Corsi span, Stroop test — time, Trail Making Test, Raven’s Coloured
Progressive Matrices, Cancellation Test, Cognitive Estimation Task
(form A), and phonemic/semantic alternate fluency. PCA was performed
on each group of neuropsychological tests (i.e., examining language,
memory, visuospatial abilities, and attentional-executive functions) and each
first component was used as the comprehensive score for the considered
cognitive domain instead of the global cognition score in separate
regression models.

Then, for each cognitive domain, three further regression analyses
were conducted by replacing CRIg-Total score separately with each of its
subscores  (CRIg-Education, CRIq-WorkingActivity, and CRIq-
LeisureTime).

For all regression models applied to investigate CRIq-Total and CRIq
subscores effects on both global cognition and specific cognitive domains,
we checked regressors collinearity using Variance Inflation Factor (VIF),
considering a VIF score < 5 acceptable (Kim, 2019). Furthermore, we
applied Bonferroni correction to all regression models to account for
multiple comparisons, and corrected p-values (pcorr) Were considered
statistically significant if peorr < 0.050.

3. Results

One hundred thirty-five individuals with young-onset cognitive
impairment (56 male and 79 female) were recruited. Among them, three
were excluded for missing more than 25 % of the neuropsychological
tests and 17 because of meeting exclusion criteria for the MRI procedure.
Analyses were performed on the remaining 115 participants, for whom
all regressors were available, except for the few neuropsychological
scores imputed (see Supplementary Material). Their characteristics are
shown in Table 1.

3.1. The effect of CR on cognition

In all the linear regression models, the regressors showed a VIF score
lower than 2.3, indicating low multicollinearity. The relationships
among variables included in the models are illustrated with a scatterplot
matrix in Supplementary Material (Supplementary Fig. 2). The first
principal component of the PCA (global cognition) captured 41.6 % of
cognitive variability. The regression model with global cognition as the
outcome variable explained 42.1 % of its variance (R2 = 0.421, adjusted
R? = 0.383). The strongest predictors were the CRIg-Total score [stan-
dardized effect size (ES) = 0.229, pcorr = 0.016], total GM volume (ES =
0.348, peorr = 0.011), and serum NfLs (ES = —0.302, peorr = 0.016)
(Table 2, Fig. 1).

Among the cognitive domain-specific regression models, the one
featuring attentional-executive function as the outcome variable explained
46.3 % of its variance (R* = 0.463, adjusted R? = 0.427). Significant

Table 1
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Descriptive statistics of demographic, cognitive, and imaging variables of
the 115 included participants. Data are reported as median score and IQR.
Stroop test and TMT scores are reported in seconds.

Median (IQR)

Age (years) 61 (55-65)
Education (years) 11 (8-13)
MMSE 28 (26-29)
CRIq-Total 107 (99-123)

CRIq-Education
CRIq-WorkingActivity
CRIg-LeisureTime

101 (93-109)
107 (97-114)
112 (100-128)

BNT 73 (64-78)
Phonemic fluency 30 (22-36)
Semantic fluency 40 (34-47)
Phonemic/semantic alternate fluency 28 (18-36)
ROCF - copy 32 (29-34)

JLO 21 (18-24)
Digit span forward 5 (5-6)

Digit span backward 4(3-4)

Corsi span forward 5 (4-5)

Corsi span backward 4 (4-5)

Babcock - IR 5(3.1-5.8)
Babcock — DR 4.4 (2-5.5)
FCSRT - IFR 24 (18-28.5)
FCSRT - DFR 8.5 (6-11)
FCSRT - ISC 0.8 (0.7-0.9)
ROCF - DR 13 (8.5-16)
Corsi Supraspan 17.9 (11.4-23.8)
RCPM 27 (23-32)
Stroop - time 25.5 (18-34)
TMT - A 40 (30-62)

TMT - B 101 (78-166)
Cancellation Test 39 (33-45)

FAB 17 (15-18)

CDT 9.5 (7-10)

CET — A (errors) 8 (5-10)

BDI-II 9 (6-17)

Ham-A 13 (7-21)

NPI 5(2-12)

Serum NfLs (pg/mL) 16.9 (11.7-24.1)
Mean FA 0.40 (0.39-0.42)
Total GM’ 0.46 (0.45-0.48)
TIV (mm®) 1.5 x 10° (1.4 x 10° - 1.6 x 10°)

8 TIV adjusted. BDI, Beck Depression Inventory; BNT, Boston Naming Test;
CDT, Clock Drawing Test; CET, Cognitive Estimation Task; CRIq, Cognitive
Reserve Index questionnaire; DFR, delayed free recall; DR, delayed recall; FA,
fractional anisotropy; FAB, Frontal Assessment Battery; GM, grey matter; Ham-
A, Hamilton Anxiety Rating Scale; IFR, immediate free recall; IR, immediate
recall; ISC, index of sensitivity of cueing; IQR, interquartile range; JLO, Judg-
ment of Line Orientation; MMSE, Mini-Mental State Examination; NfLs, neuro-
filaments light-chain; NPI, Neuropsychiatric Inventory; RCPM, Raven’s
Coloured Progressive Matrices; ROCF, Rey-Osterrieth Complex Figure; TIV, total
intracranial volume; TMT, Trail Making Test.

predictors were the CRIg-Total score (ES = 0.255, peorr = 0.011), total
GM volume (ES = 0.366, pcorr = 0.004), and serum NfLs (ES = —0.317,
Peorr = 0.011). In the language model (R? = 0.395, adjusted R = 0.356),
the language component resulted significantly dependent on the CRIg-
Total score (ES = 0.361, peorr < 0.001) and serum NfLs (ES = —0.388,
Peorr = 0.002). The impact of the CRIg-Total scores on models with
memory and visuospatial abilities components as outcome variables was,
instead, not significant: both memory and visuospatial abilities compo-
nents were not significantly predicted by any regressor (Table 2).

When considering the influence of individual CRIq subscores, the
CRIg-Education subscore significantly impacted both the language and
attentional-executive functions domains (language: ES = 0.329, peorr <
0.001; attentional-executive functions: ES = 0.257, peorr = 0.008). The
CRIq-LeisureTime subscore significantly impacted the language domain
(ES = 0.278, peorr = 0.013, Fig. 1).



C. Carbone et al.

Table 2
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Estimated coefficients of the regression models. First column refers to the global cognition model, while the other columns refer to the cognitive domains’ models.

Global cognition

Language

Memory

Visuospatial abilities

Attentional-executive functions

CRIg-Total 0.229 (p = 0.044)* 0.361 (p < 0.001)*
Age ~0.123 (p = 0.999) ~0.253 (p = 0.050)
Male sex 0.123 (p = 0.999) 0.133 (p = 0.999)

FA 0.019 (p = 0.999) —0.043 (p = 0.999)
Total GM volume’ 0.348 (p = 0.011)* 0.049 (p = 0.999)
TIV 0.224 (p = 0.487) ~0.009 (p = 0.999)
Serum NfLs —0.302 (p = 0.016)* —0.388 (p = 0.002)*

0.104 (p = 0.999)
—0.032 (p = 0.999)
0.083 (p = 0.999)
—0.015 (p = 0.999)
0.355 (p = 0.136)
0.178 (p = 0.999)
—0.260 (p = 0.948)

0.123 (p = 0.999)
—0.223 (p = 0.999)
0.114 (p = 0.999)
0.029 (p = 0.999)
0.237 (p = 0.999)
0.266 (p = 0.999)
—0.042 (p = 0.999)

0.255 (p = 0.011)*
—0.095 (p = 0.999)
0.126 (p = 0.999)
0.057 (p = 0.999)
0.366 (p = 0.004)*
0.256 (p = 0.196)
—0.317 (p = 0.011)*

Porr are reported as p. Significative p.o-values are denoted with (*).
STIV adjusted.

CRIq, Cognitive Reserve Index questionnaire; FA, fractional anisotropy; GM, grey matter; NfLs, neurofilaments light-chain; TIV, total intracranial volume.

CRIg-WorkingActivity

CRIg-LeisureTime

SO

176 Attentional-executive
functions

CRIg-WorkingActivity -

Q

CRIg-LeisureTime

CRIqg-Total

Memory

CRIg-LeisureTime

Visuospatial abilities

648 /

CRIg-WorkingActivity

CRIg-LeisureTime

Fig. 1. Impact of CR on cognition. Numbers on directional arrows represent the standardized effect sizes of CRIg-Total score and subscores in the regression

models. Bold numbers and asterisks indicate significant p.o.-values.

4. Discussion

We investigated if CR measured with a questionnaire considering
education, engagement in leisure activities, and type of work (the CRIq)
affects cognitive performance in people with young-onset cognitive
impairment, over and above the effect of variables related to the brain’s
structural integrity.

CR measured with the CRIq-Total score significantly affected global
cognition, alongside total GM volume and serum NfLs. The finding that
higher CR is related to better global cognitive performance is in line with
recent studies, which found associations between measures of global
functioning (i.e., Mini-Mental State Examination and Montreal Cogni-
tive Assessment) and the CRIq score (Lee et al., 2020; Ye et al., 2022;
Quattropani et al., 2021).

When we investigated single cognitive domains, only performance in
language and attentional-executive functions, but not in memory and vi-
suospatial abilities, were influenced by the CRIg-Total score. This sup-
ports the hypothesis that higher CR mainly compensates for non-
amnestic cognitive deficits (Andrejeva et al., 2016; Damian et al., 2013).

When exploring individual CRIq subscores, we found that the CRIq
subscore related to years of education (CRIg-Education) had a signifi-
cant impact on language and attentional-executive functions domains. To
illustrate the results of our regression models with an example, if we
consider a 61-year-old person, one extra cycle of school (i.e., having
completed high school rather than middle school) increases by more
than 0.5 standard deviations the performance on language and atten-
tional-executive functions tests. This aligns with previous works high-
lighting associations between CRIq measuring education and better
cognitive performances in MCI patients (Berezuk et al., 2021; Feldberg
etal., 2016), specifically in naming ability and divided attention (Allegri

et al., 2010; Ciccarelli et al., 2018; Roldan-Tapia et al., 2012). In addi-
tion, Groot et al. (Groot et al., 2018) found that education, used as a
proxy of CR, had an impact on language and attentional-executive func-
tions in MCI due to Alzheimer’s Disease (AD) patients, whereas they
found an effect also on visuospatial abilities and memory only in more
advanced dementia phases.

The CRIq subscore related to engagement in leisure activities (CRIq-
LeisureTime) positively impacted the language domain: many questions
of this subdomain focused on activities that foster language develop-
ment and social interaction, suggesting that being involved in activities
such as reading books or newspapers, going to the cinema or theatre,
doing crosswords, attending conferences, and being socially active in
general improves language performances specifically. Whereas educa-
tion is usually considered in correction grids of neuropsychological tests
—and is therefore already taken into account when evaluating cognitive
performance - the present findings emphasize the importance of also
enquiring about the level of engagement in leisure activities as these
seem to improve particularly the language function in young-onset
cognitive impairment, in line with literature in older patients (Lee
et al., 2024). This is even more important in younger population at risk
of developing dementia, where atypical presentation of AD or Fronto-
temporal dementia involving language deficits (i.e., Primary Progressive
Aphasia) are more frequent (Zamboni et al., 2024).

We included in our regression models measures of brain integrity and
blood-based measures of neurodegeneration to also consider variables
related to synaptic density and brain size. These variables are thought to
capture the so-called brain reserve (BR), which represents the structural
and biological aspect of reserve; together with CR, they constitute the
two complementary aspects of the broader reserve concept, offering a
holistic view of the brain’s resilience to damage (Stern et al., 2019,
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2023). More specifically, we included TIV and whole-brain GM volume
which are the brain’s measures most frequently included in models of
BR, FA as an index of WM microstructural characteristics (Zamboni,
2016), and blood NfLs, an early-stage, non-specific biomarker of neu-
rodegeneration. We did not include the volume of white matter hyper-
intensities (WMHs) as they were almost undetectable in our
participants. Whereas we did not found an effect of FA on cognition, we
found that total GM volume significantly affected global cognition and
attentional-executive functions, in line with previous studies (Broadhouse
et al., 2019; Carbone et al., 2023; Grundman et al., 2003).

Previous studies using the residual method that did therefore include,
instead, measures of BR have usually variably considered the volume of
WMHs, whole-brain GM volume, hippocampal volume, lateral ventric-
ular volume, and number of lacunae or enlarged perivascular spaces
(Gallo et al., 2021; Zahodne et al., 2015). No previous studies on CR
have considered serum NfLs as a measure of neurodegeneration, a non-
invasive and easy to obtain biomarker which is rapidly gaining impor-
tance, being especially helpful in screening patients with MCI to identify
those with underlying neurodegenerative conditions (Gallingani, Car-
bone, Tondelli, & Zamboni, 2024; Kern et al., 2019; Preische et al.,
2019). In our cohort, serum NfLs were found to have a significant effect
on global cognition, language, and attentional-executive functions. This
result emphasizes how measuring CR with the residual method in models
that did not include this variable certainly overestimated CR, loading it
with the weight of a hidden factor that should not be considered a proxy
of CR but rather attributable to an underlying neurodegenerative disease
(Elman et al., 2022).

The present study has limitations. First, it was cross-sectional;
therefore, we provided a depiction of the relationship between CR and
cognitive abilities at a specific point in time. Longitudinal studies will
offer a more comprehensive understanding of how CR is associated with
cognitive changes overtime. Second, we are aware that the choice of
variables considered in the regression models influences results. How-
ever, we did not use a residual but a direct method to measure CR and also
verified the non-collinearity of the predicting variables. Thus, our results
can be considered stable and provide new information on factors
affecting cognition in young-onset cognitive impairment. Lastly, we
investigated the role of CR on cognition in MCI patients irrespective of
their status on AD biomarkers as this information was not available for
all the subjects. However, in the present manuscript we purposefully -
focussed on the role that CR should have on the diagnostic pathway of
patients with subtle cognitive impairment and MCI (intended as clinical
syndrome) before the measurement of biomarkers. Our results suggest,
indeed, that CR should be always considered, even at the very beginning
of the cognitive evaluation, as its effect on cognition may then inform
and guide the clinical decision on whether further investigations such as
AD biomarker testing should or should not be performed.
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