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Abstract
The aim of this study was to evaluate the effect of cognitive reserve (CR), in progression from subjective cognitive decline 
(SCD) to mild cognitive impairment (MCI) and Alzheimer’s disease (AD). For this purpose, we followed up 263 patients 
(154 SCD; 109 MCI) for a mean time of 7 years. CR was assessed by the Test di Intelligenza Breve (TIB), functionally 
equivalent to the National Adult Reading Test. High CR resulted as a protective factor for progression from SCD to MCI. 
Age at conversion to MCI was delayed 9 years on average in SCD with high CR with respect to SCD with low CR. On the 
contrary, high CR resulted as a risk factor for progression from MCI to AD dementia only in APOE ε4 carriers. Conversion 
time from MCI to AD dementia was 3 years shorter in ε4 carriers with high CR than subjects with low CR and ε4 non-
carriers with high CR. Consistent with the CR hypothesis, our results showed that higher levels of CR protect against the 
earliest clinical manifestations of AD. In line with the previous researches, we found an interaction between CR and APOE 
in progression from MCI to AD dementia.

Keywords  Alzheimer’s disease · Subjective cognitive decline · Mild cognitive impairment · APOE · Cognitive reserve · 
Neuropsychology
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CR	� Cognitive reserve
SCD	� Subjective cognitive decline
TIB	� Test di Intelligenza Breve
HDRS	� Hamilton Depression Rating Scale
NART​	� National adult reading test

Introduction

The identification of protection and risk factor is a crucial 
issue in the management of a chronic, widely prevalent 
disorder such as Alzheimer’s disease (AD). Several stud-
ies have reported that lifetime experiences that are associ-
ated with cognitive stimulation (e.g., years of education [1], 

occupational attainment [2], and engagement in mentally 
stimulating leisure activities [3]) may protect against demen-
tia. These findings have been interpreted by means of the 
cognitive reserve (CR) hypothesis, which assume that highly 
intelligent or educated individuals appear to be able to cope 
better with the presence of a neurodegenerative pathology, 
maintaining a normal functional level for a longer time 
than less educated people [4]. This model, first proposed by 
Stern, is supported by neuropathology and functional neu-
roimaging studies showing that there is much variability 
in the relationship between the amount of cerebral damage 
and the degree of cognitive deficit [5–7]. Another prediction 
of Stern’s CR model is that higher functioning individuals 
will show a more rapid deterioration over time. Indeed, if 
greater cognitive reserve allows the brain to cope with a 
greater amount of damage, when this reserve is overcome, 
a faster decline is evident [2, 4]. As CR is a hypothetical 
construct, direct measurements of reserve are not available 
[8]. Therefore, surrogate or proxy measurements are used to 
approach CR. Education [9] and engagement in leisure and 
cognitive activities [10] are considered as standard prox-
ies of CR. Premorbid intelligence quotient investigated by 
performance-based measurements (such as vocabulary or 
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reading tests), which show little change with age and remain 
relatively preserved in the early stages of dementia, has been 
used as proxy of CR [11, 12].

Subjective cognitive decline (SCD) was defined as a self-
experienced persistent decline in cognitive capacity in com-
parison with the subject’s previously normal status, during 
which the subject had normal age-, gender-, and education-
adjusted performance on standardized cognitive tests [13]. 
Subjective cognitive complaints constitute an important 
criterion for diagnosis of mild cognitive impairment (MCI) 
[14, 15] and individuals with SCD are more likely to develop 
dementia than those without [16–18]. Taking into account 
the protective effect of CR, knowing how CR influences 
cognitive performance and the risk of progression to objec-
tive cognitive impairment in subjects experiencing SCD 
may be a promising research field. Many cross-sectional 
studies focused on SCD and CR showing that high CR is 
associated with high level of cognitive performance [19–21]. 
More recently, longitudinal studies have been conducted in 
cognitively healthy subjects to explore the effect of CR on 
cognitive function over time and on progression from normal 
cognition to full-blown cognitive decline [3, 22–24]. Soldan 
et al. [23] found that higher CR scores were associated with 
better cognitive performance, but did not modify the rate of 
change in cognition in a cognitively healthy subjects sample. 
A study by Lojo-Seoane et al. [24] first showed that CR had 
a positive influence on cognitive performance at follow-up 
in a in a sample of older adults with SCD. Bessi et al. [3] 
demonstrated that having carried out intellectual activities 
in the decades before the onset of SCD could reduce the 
risk of progression to MCI up to 30%. Finally, proof to sup-
port CR hypothesis in SCD comes from a recent work by 
Aghjayan and colleagues [25] which showed that correlation 
between SCD measures and cortical Aβ burden was stronger 
in higher educated subjects.

The effect of APOE ε4 allele as risk factor for memory 
decline and progression from normal cognition to objective 
cognitive decline (MCI or AD) over time has been widely 
demonstrated by the previous study [26–30]. A number of 
studies showed that the effect of APOE ε4 on cognitive 
impairment or dementia risk appears to be diminished by 
higher CR [31–35]. For instance, Carlson et al. [33] showed 
that higher CR was associated with lower risk of dementia 
in cognitively healthy subjects, particularly among ε4 car-
riers, with a 30% risk reduction. Pettigrew and colleagues 
[36] then found that ε2 allele was protective in individuals 
with high but not low CR. Ferrari et al. [37] recently found 
a positive effect of CR on progression of AD dementia only 
in APOE ε4 carriers. Furthermore, interaction between CR 
and APOE was supported also by neuroimaging investiga-
tions [38, 39]. Nevertheless, at the best of our knowledge, 
there are no longitudinal studies investigating the interac-
tion between APOE and CR neither on progression to MCI 

in people with carefully phenotyped SCD nor on rate of 
progression from MCI to AD. Taking into account these 
evidences, in the present work, we aimed to investigated 
if CR could interact with APOE and influence the onset of 
symptoms in SCD and in MCI. Furthermore, we wanted to 
evaluate the effect of CR and its interaction with APOE on 
risk of progression from SCD to MCI and from MCI to AD. 
Finally, according to CR model, in subjects with higher CR, 
we expect to find a slower rate of conversion from SCD to 
MCI and a faster rate of progression from MCI to AD.

Materials and methods

Participants and clinical assessment

As part of a longitudinal, clinical–neuropsychologi-
cal–genetic survey on SCD and MCI, we included 284 con-
secutive patients who self-referred to the Centre for Alzhei-
mer’s Disease and Adult Cognitive Disorders of Careggi 
Hospital in Florence between March 1990 and March 2017.

All participants underwent a comprehensive family and 
clinical history, general and neurological examination, 
extensive neuropsychological investigation, assessment of 
depression by means of the 22-item Hamilton Depression 
Rating Scale (HDRS) [52], and estimation of premorbid 
intelligence as a proxy of CR at baseline. A positive fam-
ily history was defined as one or more first-degree relatives 
with documented cognitive decline. Cognitive complaints 
were explored during the neurological interview at baseline 
using a survey based on the Memory Assessment Clinics 
Questionnaire [40]. 191 out of 284 participants had APOE 
genotype analysis. At the baseline evaluation, a diagnosis 
was made by a team of neurologists with expertise in neuro-
degenerative disorders based on clinical, neuropsychologi-
cal, and instrumental examination according to international 
diagnostic criteria.

For this study, 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 Instru-
mental Activities of Daily Living scales [41]; (3) not satis-
fied criteria for dementia at baseline [42, 43]; (4) attainment 
of the clinical endpoint, i.e., conversion to MCI according 
to the National Institute on Aging-Alzheimer’s Association 
(NIA-AA) criteria [15] or conversion to AD according to the 
NIA-AA criteria [43] during follow-up, regardless of the fol-
low-up duration; (5) a follow-up time more than 2 years from 
the baseline visit for those patients who did not develop MCI 
or AD. Exclusion criteria were: (1) history of head injury, 
current neurological and/or systemic disease, symptoms of 
psychosis, major depression, alcoholism or other substance 
abuse; (2) the complete data loss of patients’ follow-up; and 
(3) progression to dementia other than AD.
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From the initial sample, we excluded 13 subjects who 
did not convert to MCI or to AD dementia with a follow-
up shorter than 2 years. We excluded 1 subject who devel-
oped a brain tumor, 7 subjects who were diagnosed with 
other forms of dementia (6 Vascular Dementia, according to 
NINDS–AIREN criteria [44] and 1 fronto-temporal demen-
tia, according to Neary criteria [45]). Therefore, we in the 
end included 263 subjects. We divided this sample in two 
groups: 154 subjects classified as SCD, according to the 
terminology proposed by the Subjective Cognitive Decline 
Initiative (SCD-I) Working Group [13] (i.e., presence of a 
self-experienced persistent decline in cognitive capacities 
with normal performance on standardized cognitive tests); 
109 subjects classified as MCI according to (NIA-AA) cri-
teria for the diagnosis of MCI [15] (i.e., evidence of lower 
performance in one or more cognitive domains with pre-
served independence of function in daily life).

All the patients underwent clinical and neuropsychologi-
cal follow-up every 6 or 12 months. Baseline evaluation 
and annual clinical and cognitive assessments have been 
described in detail elsewhere [3].

On the basis of progression from SCD to MCI during 
the follow-up, SCD subjects were classified, respectively, 
as SCD-non-converters (SCD-nc) and SCD converters 
(SCD-c). In the same way, MCI subjects were classified as 
MCI-non-converters (MCI-nc) and MCI converters (MCI-c) 
according to the progression to AD dementia.

Estimated premorbid intelligence

To estimate the premorbid intelligence, all cases were 
assessed at baseline by the Test di Intelligenza Breve (TIB, 
i.e., Brief Intelligence Test) [46], an Italian version of the 
National Adult Reading Test (NART) [47]. The NART is 
a single word, oral reading test consisting of 50 items. All 
the words are irregular, that is, they violate grapheme–pho-
neme correspondence rules. Since Italian is a transpar-
ent language, the reading task could not be based on the 
irregularity in the grapheme-to-phoneme conversion as for 
the NART but rather on the irregularity of words with less 
frequent stress patterns.

Apolipoprotein E genotyping

DNA was extracted from peripheral blood samples from all 
subjects by use of the phenol–chloroform procedure, and the 
APOE gene was amplified in the polymorphic region [48]. 
The frequencies of the ε2, ε3, and ε4 alleles were estimated 
by gene counting. The APOE genotype was coded as APOE 
ε4 − (no APOE ε4 alleles) and APOE ε4 + (presence of one 
or two APOE ε4 alleles).

Statistical analysis

Patient groups were characterized using means and standard 
deviations (SD). We tested for the normality distribution of 
the data using the Kolmogorov–Smirnov test. Depending on 
the distribution of our data, we used t test or non-parametric 
Mann–Whitney U tests for between groups’ comparisons 
and Pearson’s correlation coefficient or non-parametric 
Spearman’s ρ (rho) to evaluate correlations between groups’ 
numeric measures. We used Chi-square test to compare cat-
egorical data. We run multiple linear regression models to 
assess relationship between variables which showed statisti-
cally significant correlations. We constructed Cox regression 
models to ascertain the effect of demographic and clinical 
variables which showed differences between groups on risk 
of conversion from SCD to MCI and from MCI to AD. 
Kaplan–Meier analysis was used to compare conversion 
time (as years from baseline visit to conversion) in different 
groups of SCD and MCI and pairwise log rank comparisons 
were conducted to determine if there were differences in 
conversion time among groups. All statistical analyses were 
performed with SPSS software v.13 (SPSS Inc., Chicago, 
USA). The significance level was set at p < 0.05.

Results

Demographic and clinical features

At follow-up, 44 out of 154 SCD subjects (29%) converted to 
MCI (SCD-c). Mean conversion time from SCD to MCI was 
9.53 (± 4.04) years. A total of 110 subjects (71%) remained 
stable (SCD-nc) and their mean follow-up time (from 
baseline to last evaluation) was 6.40 (± 3.53) years (range 
2.00–18.48 years, IQR 4.11 years). Including 44 SCD-c and 
109 subjects who referred as MCI at baseline, our total MCI 
subjects consisted of 153 subjects. Of 153 MCI subjects, 
51 (33%) developed AD dementia (MCI-c) and 100 (66%) 
remained stable (MCI-nc). 12 out of 51 MCI-c subjects were 
SCD-c. Two MCI subjects (1%) regressed to SCD and were 
included in the MCI-nc group, as we considered them as 
non-converters. Mean follow-up time of MCI-nc was 7.51 
(± 4.78) years (range 2.00–27.20 years, IQR 5.21 years). A 
summary flowchart of the groups is reported in Fig. 1.

No significant differences were found neither between 
SCD-nc and SCD-c nor between MCI-nc and MCI-c in sex, 
familiarity, disease duration (time from onset of symptoms 
and baseline evaluation), HDRS, and TIB. Age at baseline 
evaluation and age at onset of symptoms were lower in 
SCD-nc compared to SCD-c and in MCI-nc compared to 
MCI-c. SCD-nc had higher education and MMSE at baseline 
compared to SCD-c. MCI-nc had higher MMSE at baseline 
compared to MCI-c. In the SCD group, 29 subjects were 
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APOE ε4 carriers (one ε2/ε4, 25 ε3/ε4 and three ε4/ε4) and 
81 subjects were APOE ε4 non-carriers (14 ε2/ε3, 67 ε3/
ε3). There was no statistically significant difference in geno-
type distribution of APOE ε4 between SCD-nc and SCD-c 
(p = 0.088). In the MCI group, 20 subjects were APOE ε4 
carriers (two ε2/ε4, 17 ε3/ε4 and one ε4/ε4) and 39 subjects 

were APOE ε4 non-carriers (five ε2/ε3, 34 ε3/ε3). APOE ε4 
was more frequent in MCI-c subjects than MCI-nc subjects 
(p < 0.001). Follow-up time in MCI-nc was significantly 
longer than conversion time in MCI-c (p < 0.001) (Table 1).

No significant differences were found between APOE ε4 
+ (46 subjects: 28 SCD, 18 MCI) and APOE ε4− (121 sub-
jects: 82 SCD, 39 MCI) groups with regards to sex, familiar-
ity, disease duration, age at onset, age at baseline, years of 
education, MMSE, HDRS and TIB neither in the SCD nor 
in the MCI groups. No subjects had depression according 
to HDRS scores.

Influence of cognitive reserve in SCD

First of all, we aimed to evaluate if there were any cor-
relations between CR and age at baseline of SCD. In the 
SCD group, age at baseline was positively correlated with 
TIB (χ2 = 0.237, p = 0.004) and age at onset (χ2 = 0.911, 
p < 0.001), but inversely correlated with years of education 
(χ2 = − 0.171, p < 0.035). Positive correlations between 
TIB and MMSE (χ2 = 0.249, p = 0.002) and between TIB 
and years of education (χ2 = 0.722, p < 0.001) were also 
found. To evaluate if the interaction between ages at base-
line and TIB was independent from other variables, a mul-
tiple regression analysis on the SCD group was run. We 
included age at baseline as dependent variable and age at 
onset, years of education, MMSE, and TIB as covariate. 
The regression model statistically significantly predicted 
age at baseline (adj. R2 = 0.825, p < 0.001) including TIB 
(β = 0.107, p = 0.036, I.C. 95%= 0.009:0.243) and age at 

Fig. 1   44 Out of 154 SCD subjects (29%) converted to MCI (SCD-
c) and 110 subjects (71%) remained stable (SCD-nc). Including 44 
SCD-c and 109 subjects who referred as MCI at baseline, our total 
MCI subjects consisted of 153 subjects. Of 153 MCI subjects, 51 
(33%) developed AD dementia (MCI-c). 102 Subjects were consid-
ered as MCI-nc, including 100 (66%) MCI subjects who remained 
stable and two (1%) MCI subjects who regressed to SCD. Follow-up 
time and conversion time are expressed in years

Table 1   Demographic and cognitive data

Values quoted in the table are mean (± SD). Age at baseline, age at onset, disease duration, follow-up and education are expressed in years. 
Age at baseline indicates age at the baseline evaluation; age at onset indicates age at the onset of symptoms of SCD or MCI; disease duration 
indicates time from onset of symptoms and baseline evaluation; follow-up time indicates the time from baseline visit to the last evaluation. p (1) 
indicates level of significance for comparison between SCD-nc and SCD-c; p (2) indicates level of significance for the comparisons between 
MCI-nc and MCI-c; (significant differences at p < 0.05, in bold characters, underlined). *In SCD-c and MCI-c groups follow-up time indicates 
conversion time to MCI and AD (time from baseline visit to diagnosis of MCI or AD)
TIB Test di Intelligenza Breve, HDRS Hamilton Depression Rating Scale

Demographics SCD-nc (110) SCD-c (44) p (1) MCI-nc (102) MCI-c (51) p (2)

Age at baseline (± SD) 59.69 (± 8.48) 64.97 (± 7.71) < 0.001 66.63 (± 8.01) 72.22 (± 5.00) < 0.001
Age at onset (± SD) 55.54 (± 8.85) 61.24 (± 7.51) < 0.001 61.12 (± 8.04) 67.12 (± 6.75) < 0.001
Sex (females/males) 77/33 32/10 0.547 64/29 34/17 0.853
Familiarity (percentage) 59.09% 52.38% 0.516 57.45% 49.02% 0.384
Follow-up time (± SD) 6.40 (± 3.53) 9.53 (± 4.04)* 0.389 7.51 (± 4.78) 3.25 (± 2.45)* < 0.001
Disease duration (± SD) 4.29 (± 3.84) 3.90 (± 3.22) 0.453 5.59 (± 4.12) 5.10 (± 4.36) 0.249
Education (± SD) 12.30 (± 4.83) 9.98 (± 4.68) 0.014 9.00 (± 4.66) 9.49 (± 4.71) 0.515
MMSE (± SD) 28.49 (± 1.87) 27.67 (± 2.21) 0.021 26.82 (± 2.05) 25.93 (± 2.29) 0.047
APOE ε4 + (percentage) 21.79% 40.00% 0.088 17.65% 58.06% < 0.001
HDRS (± SD) 26.80 (± 4.61) 26.44 (± 3.80) 0.986 27.04 (± 4.19) 26.94 (± 4.51) 0.664
TIB (± SD) 111.37 (± 6.39) 109.66 (± 8.62) 0.312 104.90 (± 11.71) 108.30 (± 10.00) 0.100
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onset (β = 0.898, p < 0.001, I.C. 95% = 0.785:0.928) in the 
final model.

Second, to the evaluate the effect of TIB on the risk of 
progression from SCD to MCI and to ascertain that this 
effect was independent from other confounding factors, a 
backward Cox regression analysis was performed on SCD 
group considering age at conversion as time and includ-
ing age at baseline, age at onset, TIB, years of education, 
MMSE, and APOE as covariates. The Cox regression model 
was statistically significant (χ2 = 28.39, p < 0.001) and TIB 
(HR = 0.925, p = 0.020, I.C. 95% = 0.927:0.993), age at 
onset (HR = 0.760, p < 0.001, I.C. 95% = 0.795:1.011) and 
APOE (HR = 2.532, p < 0.045, I.C. 95% = 1.088:5.582) were 
included in the final model.

We assessed if CR might influence time of progression 
from SCD to MCI. In the SCD-c group, age at conversion 
positively correlated with TIB (χ2 = 0. 409, p = 0.007), age at 
onset (χ2 = 0.844, p > 0.001) and age at baseline (χ2 = 0.891, 
p > 0.001), but not with years of education (p = 0.102) nor 
MMSE (p = 0.222). No correlation was found between con-
version time and TIB (p = 0.799). There were no differences 
between ε4 − and ε4 + subjects neither in age at conversion 
(p = 0.518) nor in conversion time (p = 0.819). To ascertain 
that the effect of TIB on age at conversion was independ-
ent from confounding factors, a multiple regression analy-
sis on the SCD-c group was run, including age at conver-
sion as dependent variable and age at onset, age at baseline 
and TIB as covariate. The regression model statistically 
significantly predicted age at conversion (adj. R2 = 0.775, 
p < 0.001) including TIB (β = 0.160, p = 0.041, I.C. 95% = 
0.006:0.278) and age at onset (β = 0.844, p < 0.001, I.C. 95% 
= 0.727:1.047) in the final model.

Finally, SCD-c subjects were ranked into three percentiles 
according to TIB score (low, n = 14; intermediate, n = 17; 
high, n = 13). Kaplan–Meier survival analysis was conducted 
to compare age at conversion in the three different groups 
of SCD-c (low, intermediate, and high TIB). Subjects in the 
high TIB group had a median age at conversion of 77.52 
(95% CI 74.25–80.78) years. This was greater than the low 
and intermediate TIB groups, which had median age at 
conversion of 70.13 (95% CI 66.25–73.99) years and 68.28 

(95% CI 64.66–71.89) years, respectively. Pairwise log rank 
comparisons were conducted to determine which TIB groups 
had different survival distributions. There was a statistically 
significant difference in survival distributions for the high 
vs. low TIB (χ2 = 9.205, p = 0.002) and intermediate vs. low 
TIB (χ2 = 9.094, p = 0.003). The survival distributions for 
high and intermediate TIB were not statistically significantly 
different (χ2 = 0.637, p = 0.425) (Table 2; Fig. 2).

Influence of cognitive reserve in MCI

In the MCI group, TIB positively correlated with age at 
baseline (χ2 = 0.257, p = 0.002) and age at onset (χ2 = 0.250, 
p = 0.002). No correlations were found neither among age at 

Table 2   Kaplan–Meier analysis 
in SCD-c group

Median age at conversion for each TIB group, χ2 and p value for pairwise log rank comparisons are 
reported (significant differences at p < 0.05, in bold characters); (n) indicates the number of subjects in each 
group
TIB Test di Intelligenza Breve

TIB (n) Median age at conversion Low Intermediate

SCD-c
 Low (14) 68.28 (95% C.I., 64.66:71.89)
 Intermediate (17) 70.13 (95% C.I., 66.26:73.99) χ2 = 9.094, p = 0.003
 High (13) 77.52 (95% C.I., 74.25:80.79) χ2 = 9.205, p = 0.002 χ2 = 0.637, p = 0.424

Fig. 2   Kaplan–Meier survival analysis for comparisons of age at con-
version in SCD-c subjects ranked according to TIB score (low, n = 14; 
intermediate, n = 17; high, n = 13). Median age at conversion in high 
(77.52 years) and intermediate (70.13 years) TIB group was statisti-
cally significantly greater than median age at conversion in low TIB 
group (68.28 years)
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baseline, years of education and MMSE, nor between age at 
onset, years of education and MMSE. There were no differ-
ences between ε4 − and ε4 − MCI subjects neither in age at 
baseline (p = 0.383) nor in age at onset (p = 0.058).

To the evaluate the effect of TIB on the risk of progres-
sion from MCI to AD dementia and to ascertain that this 
effect was independent from other confounding factors, a 
backward Cox regression analysis was performed on MCI 
group considering follow-up time as time and including age 
at baseline, age at onset, TIB, MMSE, and APOE as covari-
ates. The Cox regression model was statistically significant 
(χ2 = 28.39, p < 0.001) including age at onset (HR = 1.189, 
p < 0.001, I.C. 95% = 1.096:1.289) and APOE (HR = 3.538, 
p < 0.010, I.C. 95% = 1.351:9.264) were included in the final 
model.

Given this result, we divided the MCI group according to 
APOE genotype and repeated the Cox regression analysis. 
In the ε4 + MCI subgroup, TIB was included in the final 
model (χ2 = 5.789, p < 0.016) as a risk factor (HR = 1.125, 
p < 0.036, I.C. 95% = 1.088:1.256), while in the ε4 – sub-
group, only age at baseline remained statistically significant 
in the final model.

No statistically significant correlation between TIB and 
age at conversion was found, neither in ε4 + (p = 0.775) nor 
in ε4 − subjects (p = 0.320). However, in MCI-c ε4 + sub-
jects, TIB negatively correlates with conversion time (time 
from baseline evaluation to conversion to AD; χ2 = − 0.712, 
p = 0.001). No statistically significant correlations were 
found between age at conversion and other variables. There 
were no statistically significantly differences in conversion 
time between MCI-c who were SCD at baseline and MCI-c 
who were MCI at baseline (p = 0.856).

In the last step, MCI-c subjects were ranked into four 
groups according to TIB score and APOE genotype (low/
ε4 −, n = 6; low/ε4 +, n = 4; high/ε4 −, n = 7; high/ε4 +, 
n = 13). Kaplan–Meier survival analysis was conducted to 
compare conversion time in the four different groups. Sub-
jects in high TIB/ε4 + group had a median conversion time 
of 1.71 (95% CI, 1.054 to 2.364) years. This was longer than 
the low/ε4 +, low/ε4 −, and high/ε4 − groups, which had 

similar median conversion time of 5.49 (95% CI, 1.83 to 
9.15), 3.49 (95% CI, 2.05 to 4.84), and 3.29 (95% CI, 1.62 
to 4.95) years, respectively. Pairwise log rank comparisons 
were conducted to determine which TIB groups had differ-
ent survival distributions. There was a statistically signifi-
cant difference in survival distributions for the high/ε4 + vs. 
low/ε4 + (χ2 = 4.66, p = 0.031) and high/ε4 + vs. low/ε4 
− (χ2 = 4.77, p = 0.029) (Table 3; Fig. 3). There were no sta-
tistically significant differences between high/ε4 − vs. low/
ε4 + and high/ε4 − vs. low/ε4 −. The difference in survival 
distributions for the high/ε4 + vs. high/ε4 + did not reach 
statistical significance (χ2 = 2.76, p = 0.096).

Table 3   Kaplan–Meier analysis in MCI-c group

Median age at conversion for each TIB/APOE group, χ2 and p value for pairwise log rank comparisons are reported (significant differences at 
p < 0.05, in bold characters); (n) indicates the number of subjects in each group
TIB Test di Intelligenza Breve

TIB/APOE (n) Median conversion time Low/ε4 + Low/ε4 − High/ε4 −

MCI-c
Low/ε4 + (4) 5.49 (95% CI, 1.83 : 9.15)
Low/ε4− (6) 3.49 (95% CI, 2.05 : 4.84) χ2 = 1.26, p = 0.261
High/ε4− (7) 3.29 (95% CI, 1.62 : 4.95) χ2 = 1.53, p = 0.217 χ2 = 0.00, p = 0.987
High/ε4 + (13) 1.71 (95% CI, 1.054 : 2.364) χ2 = 4.66, p = 0.031 χ2 = 4.77, p = 0.029 χ2 = 2.76, p = 0.096

Fig. 3   Kaplan–Meier survival analysis for comparisons follow-up 
time in MCI-c subjects ranked according to TIB score and APOE 
genotype (low/ε4 −, n = 6; low/ε4 +, n = 4; high/ε4 −, n = 7; high/
ε4 +, n = 13). Median conversion time in high TIB/ε4 + group 
(1.71  years) was statistically significantly shorter than median con-
version time in low/ε4 + and low/ε4 − groups (5.49, 3.49, and 3.29 
years, respectively)
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Discussion

This study investigated the relationship between level of 
CR and long-term diagnostic outcomes among middle-
aged and older individuals with SCD and MCI. The main 
finding was that the relationship between level of CR and 
longitudinal change in cognitive outcome differed as a 
function of the initial cognitive state and APOE profile.

In a recently published study in SCD and MCI [3], we 
demonstrated that intellectual activities play as protec-
tive factors, reducing the risk of conversion from SCD 
to MCI of about 30%. In the present study, we aimed to 
evaluate the role of premorbid intelligence, as a standard 
proxy of CR, on SCD and MCI onset and on progression 
to AD dementia. Premorbid intelligence has been meas-
ured by mean of the Test di Intelligenza Breve (TIB, i.e., 
Brief Intelligence Test) [46], functionally equivalent to the 
National Adult Reading Test [47], which assesses pronun-
ciation of irregular, low-frequency words. These words are 
likely to be pronounced incorrectly using common pho-
netic interpretation rules if an individual does not already 
possess this linguistic knowledge. Based on the observa-
tion that reading ability is typically only mildly affected 
by aging and by many forms and degrees of cerebral injury 
or pathology [49–51], this measure has been successfully 
applied to evaluate premorbid abilities in MCI [52] and 
in mild-to-moderate dementia cases [53, 54] in a more 
precise manner than years of education.

We found that CR positively correlated with age at 
baseline of SCD. This means that subjects with higher 
CR complained cognitive decline later compared to sub-
jects with lower CR. The previous studies on SCD subjects 
showed that lower CR is associated with greater overall 
memory concerns [55, 56], suggesting that SCD indi-
viduals with higher CR may perceive cognitive changes 
at relatively later stages in the neuropathological disease 
process. However, at the best of our knowledge, this is the 
first study, showing that the onset of SCD may be influ-
enced by CR.

As regards progression from SCD to MCI, CR reduced 
the risk of progression by about 8%, while APOE played 
as risk factor, as ε4 carriers had a 2.5 times higher risk of 
progression compared to non-carriers.

The effect of APOE ε4 allele on memory decline and 
on risk of progression from SCD to objective cognitive 
decline (MCI or AD) over time has already been widely 
demonstrated by the previous study [26–30]. In particular, 
Jessen et al. [30] and Hong et al. [29] showed Hazard ratio 
(HR) values comparable to ours HR, ranging from 2.4 to 
2.7. A number of studies have been conducted to ascertain 
the effect of CR on progression from normal cognition to 
a full-blown cognitive decline [23–24, 33, 36]. Carlson 

et al. [33] demonstrated that higher CR was associated 
with a 26% risk reduction for dementia onset. Pettigrew 
et al. [36] showed that CR reduced risk of progressing 
from normal cognition to MCI by about 50% in both ε4 
carriers and non-carriers. A study by Lojo-Seoane et al. 
[24] first showed that CR had a positive influence on cog-
nitive performance at follow-up in a sample of older adults 
with SCD. In a recent study by our group [3], we showed 
that greater participation in intellectual activities acted as 
a protective factor against progression from SCD to MCI, 
reducing risk of progression by about 30%. Our current 
results are in line with these previous evidences, even if 
the effect on risk of progression seems to be lower (8%).

Finally, CR also influence rate of progression from SCD 
to MCI postponing age at conversion. More to the point, 
SCD subjects with low TIB scores progressed to MCI 
2 years before SCD subjects with intermediate TIB score 
and 9 years before SCD subjects with high TIB scores. A 
similar results was found in a study by Vemuri et al. [57] 
which showed that in cognitively healthy subjects with high 
CR, the onset of cognitive impairment was approximately 
8 years later compared with subjects with low CR.

In summary, CR delayed the onset of earliest symptoms 
of cognitive decline, but the effect on risk of progression was 
low (only 8%). On the contrary, APOE has been confirmed 
as a strong risk factor for progression from SCD to objective 
cognitive decline, as demonstrated in the previous studies 
[58, 59], but did not show any effect on rate of progression 
from SCD to MCI.

In the second part of our work, we focused on MCI and 
progression to AD dementia. We have shown that higher 
CR is related to higher age at onset of MCI, in line with 
literature data [36, 60].A series of studies suggested that CR 
might have different effects according to APOE genotype, 
mainly demonstrating that the protective effect of CR against 
dementia was stronger in healthy subjects with ε4 allele [31, 
33, 35]. However, at the best of our knowledge, there are no 
studies investigating the interaction between APOE and CR 
on rate of progression from MCI to AD.

According to our results, CR was a risk factor for pro-
gression from MCI to AD dementia only in the ε4 + group, 
increasing the risk of about 12%, while in the ε4 − group did 
not show any statistically significant effect.

A first explanation is that the lower amount of conversion 
in the ε4 − group might mask the negative effect that CR 
would play in MCI. Studies with longer follow-up on larger 
samples are needed to ascertain this evidence. Another 
hypothesis may be that subjects with a genetic predisposi-
tion might be more sensitive to the depletion of CR than 
ε4 non-carriers. Interestingly, a study by Arenaza-Urquijo 
et al. [61] on 72 healthy subjects showed that higher CR was 
related to higher fronto-temporal metabolism only in APOE 
ε4 carriers. Hence, we could speculate that, when CR is 
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overcome, this compensatory mechanism runs out, leading 
to a more rapid decline only in the ε4 carriers. One more 
chance is that ε4 non-carriers groups included also ε2 allele 
carriers, which has been shown as a protective factor against 
dementia [62]. Indeed, a work by Pettigrew and colleagues 
[36] found that ε2 allele is protective only in individuals 
with high CR but not in individuals with low CR. Thence, 
we could hypothesize that detrimental effect of higher CR 
may be minimize by protective effect of ε2. Due to the low 
number of ε2 carrier subjects in our sample, we are not able 
to test this hypothesis at the time. However, this should by 
inspiration for further studies. Soldan et al. [23] recently 
showed that among individuals with normal cognition, 
higher CR was associated with better cognitive performance 
but with faster cognitive decline after onset of MCI. A num-
ber of the previous studies reported greater rates of cognitive 
decline [63, 64] or functional decline [65] among individu-
als affected by dementia with higher CR compared to those 
with low CR. In line with these evidences and according to 
Stern’s model, which predicts that when CR is overcome a 
faster rate of decline after the onset of clinical symptoms is 
evident [2, 4], we expected a faster rate of progression from 
MCI to AD in subjects with higher CR. Interestingly, our 
results confirmed these evidences only in APOE ε4 + sub-
jects. In fact, median time of conversion in ε4 − carrier MCI 
subjects with high TIB was 4 years shorter than ε4 carriers 
with low TIB, while CR levels did not lead to different rate 
of progression in ε4 non-carriers. Thus, we demonstrated 
that CR influenced progression from MCI to AD dementia 
only in case of genetic predisposition. A number of clinical 
[31–35] and neuroimaging studies [38, 39] showed an inter-
action between CR and APOE, mainly demonstrating that 
high CR may modulate the detrimental role of ε4 effect on 
cognitive impairment or dementia risk in healthy subjects. 
In our previous study [66], we focused on the role of CR and 
APOE on cognitive performance and decline progression in 
mild-AD patients and found that higher CR was related to 
a more rapid progression of the cognitive impairment. Our 
present study supports and extends these findings, showing 
that CR might modulate progression of cognitive decline 
also in the MCI phase.

A limitation of the present study is the lack of biomark-
ers data. As CR hypothesis is based on the assumption that 
different grades of pathology load correspond to different 
grade of cognitive decline, estimation of grade disease by 
means of CSF biomarkers and functional and structural 
imaging may undoubtedly provide useful information. For 
future, studies are needed to test if biomarker levels at the 
time of symptom onset modify the relationship between CR 
and subsequent cognitive change, as Stern’s model would 
predict. We are presently in the process of studying these 
issues. Second, MCI subgroups ranked according to APOE 
genotype were very small, in particular low/ε4 − and low/

ε4 + MCI-c groups. Moreover, as it is a single-center study, 
there may be estimator and analytical biases with regard to 
assessment and diagnosis procedures. Finally, as we consid-
ered a clinic-based cohort, sampling error might be possible.

A major strength of this study is the very long average 
follow-up time. In fact, follow-up time in the SCD-nc group 
is comparable to time of conversion in SCD-c, and MCI-nc 
is even much longer than conversion time in MCI-c. This 
information allows us to minimize the possible underestima-
tion of conversion to AD dementia and the risk of classify-
ing as stable subjects carrying an Alzheimer pathology who 
will convert later in the follow-up. Furthermore, at the best 
of our knowledge, this is one of the first studies evaluating 
the effect of CR on progression to MCI in people with care-
fully phenotyped SCD. The majority of the previous studies 
considered a whole sample without distinguishing between 
individuals with MCI. Finally, another strength is the use 
of reading level by means of TIB (an Italian version of the 
National Adult Reading Test) as CR estimator. Indeed, the 
ease of administration, patient tolerability, and low costs 
of this test allow, suggesting its use both in research and in 
clinical setting.

Conclusion

Stern’s model of CR consists of two points: (1) that high 
levels of CR allow one to better cope with brain pathology 
delaying the onset of cognitive symptoms and (2) that when 
CR is overcome a faster rate of decline after the onset of 
clinical symptoms is evident. The results of the present study 
are in line with this model showing that: (1) progression to 
MCI is delayed about 9 years in SCD subjects with high CR 
and (2) higher CR anticipates diagnosis of AD dementia up 
to 4 years in MCI subjects only, where there is a genetic pre-
disposition (APOE ε4). In addition to informing theoretical 
models of CR, overall, our data provide evidence that higher 
levels of CR protect against the earliest clinical manifesta-
tions of AD by delaying the onset of symptoms associated 
with the disease. In the absence of effective medications 
that reduce underlying AD pathology, activities which 
increase CR throughout life should be promoted as preven-
tive measures, to delay the onset of a potential future cogni-
tive decline.
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