
Vol.: (0123456789)
1 3

GeroScience (2024) 46:2619–2640 
https://doi.org/10.1007/s11357-023-01020-z

ORIGINAL ARTICLE

Sex differences in the progression to Alzheimer’s disease: 
a combination of functional and structural markers

Alberto Fernández · Pablo Cuesta · Alberto Marcos · Mercedes Montenegro‑Peña · Miguel Yus · 
Inmaculada Concepción Rodríguez‑Rojo · Ricardo Bruña · Fernando Maestú · María Eugenia López 

Received: 29 January 2023 / Accepted: 14 November 2023 / Published online: 18 December 2023 
© The Author(s), under exclusive licence to American Aging Association 2023

Abstract Mild cognitive impairment (MCI) has 
been frequently interpreted as a transitional phase 
between healthy cognitive aging and dementia, par-
ticularly of the Alzheimer’s disease (AD) type. Of 
note, few studies explored that transition from a mul-
tifactorial perspective, taking into consideration the 
effect of basic factors such as biological sex. In the 
present study 96 subjects with MCI (37 males and 
59 females) were followed-up and divided into two 

subgroups according to their clinical outcome: “pro-
gressive” MCI (pMCI = 41), if they fulfilled the diag-
nostic criteria for AD at the end of follow-up; and 
“stable” MCI (sMCI = 55), if they remained with the 
initial diagnosis. Different markers were combined to 
characterize sex differences between groups, includ-
ing magnetoencephalography recordings, cognitive 
performance, and brain volumes derived from mag-
netic resonance imaging. Results indicated that the 
pMCI group exhibited higher low-frequency activity, 
lower scores in neuropsychological tests and reduced 
brain volumes than the sMCI group, being these 
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measures significantly correlated. When sex was con-
sidered, results revealed that this pattern was mainly 
due to the influence of the females’ sample. Overall, 
females exhibited lower cognitive scores and reduced 
brain volumes. More interestingly, females in the 
pMCI group showed an increased theta activity that 
correlated with a more abrupt reduction of cognitive 
and volumetric scores as compared with females in 
the sMCI group and with males in the pMCI group. 
These findings suggest that females’ brains might be 
more vulnerable to the effects of AD pathology, since 
regardless of age, they showed signs of more pro-
nounced deterioration than males.

Keywords Mild cognitive impairment · 
Alzheimer’s disease · Sex differences · Cognition · 
Brain volumes · Neurophysiological activity

Introduction

Numerous studies that investigate the role of mark-
ers to estimate the risk of suffering from a variety of 
neurological or psychiatric diseases tend to control, 
rather than to assess, the effect of some basic bio-
logical factors such as age or sex. These factors are 
intentionally balanced along the samples in order to 
avoid a confounding effect on the results. However, 
during the last decades more and more data suggested 
that factors such as biological sex seem to play a cru-
cial role in the vulnerability to some pathologies. For 
instance, major depression, anorexia nervosa or mul-
tiple sclerosis are more prevalent in females; while 
autism spectrum disorders, dyslexia, schizophrenia, 
attention deficit/hyperactivity disorder or vascular 
and Lewy-Body dementias are more prevalent in 
males [1–7]. Importantly, such discrepancies in the 
vulnerability to some particular disorders have been 
associated with a so-called “sexual dimorphism” 
that, within this background, has been described as 
“the divergent changes in brain structures that men 
and women have in response to disease or disease-
causing insults” [8]. Moreover, the divergent pattern 
of changes might derive from constitutive sex differ-
ences not only in brain structure, but also at neuro-
chemical and functional levels [9].

A controversial example of this sex-dependent 
vulnerability is well represented by the Alzheimer’s 
disease (AD) spectrum [10]. Some epidemiological 

studies reported a higher prevalence of AD among 
women, indicating that females might comprise 
nearly two-thirds of all cases [11]. Usually, this 
evidence has been interpreted according to two 
non-incompatible arguments. First, age is the most 
important risk factor for the development of AD, 
and it is clearly established that women have a 
longer life-expectancy. As a consequence, and con-
sidering that the incidence of AD doubles every 
5 years after the sixth decade of life, more women 
will be at higher risk of developing the disease and 
the prevalence will be also necessarily higher [12, 
13]. Second, even accepting the plausibility of this 
argument, when samples of men and women are 
balanced according to age, the incidence of AD 
among females is still higher, indicating that some 
additional factors might be exerting an influence 
[14]. This argument is based on the previously men-
tioned idea of a sexual dimorphism. For instance, 
women seem to be more affected by the ɛ4 allele for 
the apolipoprotein E (APOE) gene, increasing the 
risk of conversion to AD and the overall cognitive 
dysfunction [15, 16]. Women also seem to display 
more rapid rates of brain atrophy than men [17, 18]. 
In fact, Barnes et al. [19] demonstrated a clear sex 
difference in the association between AD pathol-
ogy and the risk of developing the disease. Authors 
reported that each additional unit of AD pathology 
(in terms of amyloid deposits and tau levels) was 
associated with a threefold increase of the risk of 
dementia in men, compared with a 22-fold increase 
in women.

All these evidences highlight the important role of 
sex differences in the investigation of the AD-spec-
trum. Particularly, the utilization of markers sensitive 
to sex-related variations is crucial to attain the goal 
of a “precision medicine” [20]. In this vein, neuro-
physiological techniques such as the electroencepha-
lography (EEG) or magnetoencephalography (MEG) 
have been broadly utilized in the field of AD [21–28] 
but the effect of sex has been seldom investigated. It 
is well-recognized that aging exerts an influence on 
brain’s oscillatory activity, and some EEG investiga-
tions indicated that aged females exhibit higher theta 
power than males [29, 30]. When this research strat-
egy was applied to the AD spectrum, results revealed 
that the typical increase of delta and theta activity 
in demented patients was mainly due to the influ-
ence of females’ sample [31]. This is a key point that 
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should be carefully considered, as lower frequencies 
are associated with disease progression, hippocampal 
atrophy, and poorer cognitive performance [32].

Of note, this line of investigation has been rarely 
explored until the publication of three very recent 
studies. Babiloni and coworkers [33] presented 
results that contradicted Günther et  al.’s [31] find-
ings in samples of healthy controls and mild cognitive 
impairment (MCI) cases. Bruña and coworkers [34] 
performed a functional connectivity (FC) MEG study 
in a sample of healthy aged subjects. They reported a 
pattern of augmented anteroposterior FC in females 
that has been previously identified as a biomarker 
for increased risk of developing cognitive impair-
ment. Finally, Chino-Vilca and coworkers [35] failed 
to find significant differences between sexes in terms 
of power values in a sample of MCI subjects. Con-
sidering this background of contradictory results, our 
main purpose in the present study was to character-
ize sex differences in the functional resting state pat-
terns of subjects with MCI who remained stable or 
progressed to AD. Importantly, given the relevance 
of including different markers in longitudinal studies, 
we combined neurophysiological (MEG), cognitive 
(neuropsychological tests) and volumetric (magnetic 
resonance imaging, MRI) measures. According to 
previous literature, we hypothesize that women who 
progress to AD will show a more pronounced slowing 
in their MEG activity, along with an increased loss of 
gray matter (i.e., reduced volumes) and a worse cog-
nitive performance when compared with men.

Materials and methods

Subjects

A total of 96 MCI subjects (37 males and 59 females) 
were recruited from the Hospital Universitario San 
Carlos and the Centre for the Prevention of Cogni-
tive Impairment (Madrid, Spain). All of them were 
native Spanish speakers and right-handed [36]. 
Demographic and clinical data are shown in Table 1. 
The diagnostic and follow-up protocol has been 
exhaustively described in previous articles (see for 
example [26]) and was based on the National Insti-
tute on Aging-Alzheimer’s Association (NIA-AA) 
criteria [36, 37]. Besides meeting the clinical crite-
ria, MCI participants had signs of neurodegeneration 

(hippocampal atrophy as measured by MRI), and 
therefore according to NIA-AA criteria, they might be 
considered as “MCI due to AD” with an intermediate 
likelihood [36]. All participants were cognitively and 
clinically followed-up every 6  months for approxi-
mately five years. According to their clinical out-
come during this follow-up period, they were divided 
into two subgroups: 1) the “progressive” MCI group 
(pMCI; n = 41), composed of those subjects that met 
the criteria for probable AD [37]; and 2) the “stable” 
MCI group (sMCI; n = 55), comprised of those par-
ticipants that fulfilled the diagnostic criteria of MCI 
at the end of follow-up. The time to conversion of the 
pMCI group was set when the diagnosis changed from 
MCI to AD (mean = 18,268 months; standard devia-
tion (sd) = 9,940), being of 21,411 ± 11,827  months 
for males and of 16,041 ± 7,877 months for females.

None of the participants exhibited a previous his-
tory of psychiatric or neurological disorders, other 
than MCI. According to our standard protocol, the 
inclusion criteria included a modified Hachinski 
score ≤ 4; a short-form Geriatric Depression Scale 
score ≤ 5 [38]; an T1/ T2- weighted MRI within 
12 months and 2 weeks before the MEG recordings 
without indication of infection, infarction, or focal 
lesions (rated by two independent experienced radi-
ologists) [39]. In addition, participants were advised 
to avoid those psychoactive medications that could 
affect MEG activity 48  h before recordings. The 
Hospital Universitario San Carlos Ethics Committee 
(Madrid) approved the study, and all participants or 
their caregivers signed a written informed consent 
prior to participation.

Neuropsychological assessment

As in previous studies by our investigation group, all 
participants were screened by means of standardized 
diagnostic instruments and received a thorough neu-
ropsychological assessment. The screening procedure 
has been exhaustively described elsewhere and con-
sisted of a set of standardized tests (for further details 
see [28] and the supplementary material) which 
included: clock drawing test (CDT; [40]), forward and 
backward digit span test (FDS and BDS; Wechsler 
Memory Scale III, WMS-III; [41], immediate and 
delayed recall (IR and DR; WMS-III; [41]), phone-
mic and semantic fluency (PF and SF; controlled oral 
word association test; [42]), ideomotor praxis (IP) 
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of Barcelona test [43], rule shift cards (RSC; behav-
ioural assessment of the dysexecutive syndrome; [44], 
Boston naming test (BNT; [45]), and trail-making 
test (TMT time score), parts A (TMTA_T) and B 
(TMTB_T) [46]. These cognitive tests, accompa-
nied by the Spanish version of the Mini Mental State 
Examination (MMSE; [47]) and the years of formal 
education (henceforth denominated as “education”) 
were submitted to statistical analyses: education, 
MMSE, CDT, FDS, BDS, IR, DR, PF, SF, IP, RSC, 
BNT, TMTA_T and TMTB_T.

Genetic analyses

As firstly described in Cuesta et  al. [48], to obtain 
genomic DNA, 10 ml blood samples were extracted 

in ethylenediaminetetraacetic acid (EDTA) antico-
agulant tubes. Secondly, APOE genotyping (i.e., 
rs7412 and rs429358 SNPs) was performed by using 
TaqMan assays on an Applied Biosystems 7500 Fast 
Real Time PCR machine (Applied Biosystems, Foster 
City, CA). This resulted in three differentiated APOE 
gene alleles: ɛ2, ɛ3 and ɛ4. In the present study, par-
ticipants were classified as carriers (i.e., ɛ3ɛ4) and 
non-carriers (i.e., ɛ3ɛ3) of the ɛ4 allele for the APOE 
gene. That is, APOE4 + and APOE4-.

MRI and medial temporal lobe volumes

3D T1 weighted anatomical MRI scans were collected 
with a General Electric 1.5  T MRI scanner, using a 
high-resolution antenna and a homogenization PURE 

Table 1  Demographic and clinical data

sMCI Stable mild cognitive impairment, pMCI Progressive mild cognitive impairment, MMSE Mini mental state examination, CDT 
Clock drawing test, FDS Forward digit span test, BDS Backward digit span test, IR Immediate recall, DR Delayed recall, PF Phone-
mic fluency, SF Semantic fluency, IP Ideomotor praxis, RSC Rule shift cards, BNT Boston naming test, TMTA_ T Trail-making test 
part A (time score), TMTB_T Trail-making test part B (time score), Total_GM_V Total grey matter volume, LH_V Left hippocampal 
volume, RH_V Right hippocampal volume, LA_V Left amygdala volume, RA_V Right amygdala volume, LE_V Left entorhinal vol-
ume, RE_V Right entorhinal volume

Male Female

sMCI (n = 20) pMCI (n = 17) sMCI (n = 35) pMCI (n = 24)

Age 73.950 ± 5.511 74.235 ± 4.507 74.429 ± 4.546 75.750 ± 5.929
Education (years) 9.316 ± 5,498 9.533 ± 5.208 7.939 ± 4.415 7.095 ± 3.208
MMSE 27.105 ± 1.853 27.267 ± 2.187 26.091 ± 2.441 24.833 ± 3.294
CDT 6.167 ± 0.985 6.000 ± 1.309 5.355 ± 1.762 4.850 ± 2.455
FDS 6.158 ± 1.537 6.467 ± 1.642 6.484 ± 1,749 7.048 ± 2.397
BDS 4.263 ± 1.046 4.267 ± 1.163 3.839 ± 1.214 3.952 ± 1.284
IR 18.000 ± 9.672 13.133 ± 9.493 14.452 ± 6.233 9.476 ± 5.706
DR 7.421 ± 7.798 3.571 ± 6.223 4.767 ± 5.697 1.190 ± 2.040
PF 7.421 ± 4.185 9.507 ± 4.336 8.737 ± 4.578 8.062 ± 3.890
SF 11.158 ± 4.133 11.667 ± 4.415 12.064 ± 2.294 11.024 ± 3.223
IP 7.444 ± 0.922 7.133 ± 1.187 7.133 ± 1.167 7.048 ± 1.161
RSC 2.056 ± 1.392 1.933 ± 1.580 2.034 ± 1.180 1.550 ± 0.887
BNT 49.368 ± 9.593 47.933 ± 6.112 44.107 ± 7.197 41.190 ± 10.759
TMT A_T 73.684 ± 31.223 75.333 ± 31.890 96.893 ± 37.832 97.550 ± 41.607
TMT B_T 214.765 ± 106.099 191.000 ± 119.547 245.696 ± 93.177 317.938 ± 103.409
Total_GM_V 0.365073 ± 0.025935 0.351853 ± 0.041776 0.377602 ± 0.024385 0.360181 ± 0.023012
LH_V 0.002215 ± 0.000422 0.001945 ± 0.000432 0.002242 ± 0.000432 0.001875 ± 0.000272
RH_V 0.002169 ± 0.000430 0.001946 ± 0.000435 0.002258 ± 0.000470 0.002008 ± 0.000216
LA_V 0.000793 ± 0.000134 0.000735 ± 0.000150 0.000776 ± 0.000186 0.000658 ± 0.000129
RA_V 0.000853 ± 0.000157 0.000850 ± 0.000206 0.000869 ± 0.000203 0.000800 ± 0.000112
LE_V 0.000670 ± 0.000183 0.000589 ± 0.000159 0.000637 ± 0.000144 0.000541 ± 0.000181
RE_V 0.000559 ± 0.000121 0.000519 ± 0.000161 0.000536 ± 0.000139 0.000485 ± 0.000093
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filter (Fast Spoiled Gradient Echo (FSPGR) sequence 
with parameters: TR/TE/TI = 11.2/4.2/ 450  ms; flip 
angle 12°; 1 mm slice thickness, a 256 × 256 matrix 
and FOV 25 cm).

Freesurfer software (version 5.1.0.21) was 
employed to obtain the total grey matter and medial 
temporal lobe volumes, which were normalized with 
the overall intracranial volume (ICV) to account for 
differences in head volume over subjects. Seven vari-
ables were submitted to statistical analyses: Total 
grey matter volume (Total_GM_V), left and right 
hippocampal volumes (LH_V and RH_V), left and 
right amygdala volumes (LA_V and RA_V), and left 
and right entorhinal volumes (LE_V and RE_V).

MEG recordings and preprocessing

MEG data were acquired using a whole-head Elekta 
Neuromag MEG system with 306 channels (Elekta 
AB, Stockholm, Sweden) at the Center for Biomedi-
cal Technology (Madrid, Spain). Data were collected 
at a sampling frequency of 1000 Hz and online band-
pass filtered between 0.1 and 330 Hz. Each data col-
lection consisted of 5-min resting-state conditions 
with eyes closed. Participants were accommodated 
inside the magnetically shielded room where the 
MEG device is placed. Each subject’s head shape was 
defined relative to three anatomical locations (nasion 
and bilateral preauricular points) using a 3D digitizer 
(Fastrak, Polhemus, VT, USA) and head motion was 
tracked through four head position indicator (HPI) 
coils attached to the scalp. These HPI coils continu-
ously monitored the subjects’ head movements, while 
eye movements were monitored by a vertical elec-
trooculogram (EOG) assembly composed of a pair of 
bipolar electrodes. As it is established in our stand-
ard protocol, the instructions for participants during 
MEG recording were to be as quiet, still and relaxed 
as they were able to and to not move the head outside 
the MEG’s helmet.

The pre-processing procedure started with the 
application of Maxfilter software (v 2.2, correla-
tion threshold = 0.9, time window = 10  s) to remove 
external noise using the temporal extension of the 
signal-space separation method with movement com-
pensation [49]. Then, magnetometers data [50] were 
automatically examined to detect ocular, muscle, and 
jump artifacts using Fieldtrip software [51]. These 
artefacts were visually confirmed by an MEG expert. 

The remaining artifact-free data was segmented into 
4  s epochs. Independent component analysis-based 
procedure (ICA) was applied to remove heart mag-
netic field artifacts and electrooculogram compo-
nents. Only those recordings with at least 20 clean 
epochs (80 s of brain activity) were utilized in subse-
quent analyses.

MEG processed time series were band-pass fil-
tered (2  s padding) between 2 and 30  Hz. Source 
reconstruction was carried out using a regular grid 
of 1  cm spacing in the Montreal Neurological Insti-
tute (MNI) template. The resulting model comprised 
2459 sources homogeneously distributed across the 
brain. This model was linearly transformed to each 
subject’s space and the leadfield was calculated using 
a single shell model [52]. Sources time series were 
reconstructed using a Linearly Constrained Mini-
mum Variance beamformer [53]. The power spec-
trum of each grid’s node was computed by means of 
a multitaper method with discrete prolate spheroidal 
sequences as windowing function and 1 Hz smooth-
ing. For each node, relative power was calculated by 
normalizing each frequency step by total power over 
the 2 to 30 Hz range. The grid nodes were anatomi-
cally labelled using the automated anatomical label-
ling atlas (AAL; [54]). Out of the original 2459 
nodes, 1202 were included in the analysis by taking 
those belonging to any region of the AAL (excepting 
the cerebellum, basal ganglia, thalamus, and olfactory 
cortices). Epochs were averaged across subjects end-
ing up with a source-reconstructed power matrix of 
1202 nodes × 113 frequency steps × 96 participants.

Statistical analyses

As previously advanced in the introductory section, 
the main aim of this study was to explore the poten-
tial sex differences, in terms of resting-state MEG 
activity, between pMCI and sMCI cases. Notwith-
standing, we first evaluated the neuropsychological 
and volumetric MRI variables with a twofold pro-
cedure: 1) we assessed if some basic characteristics 
such as age, education, time to conversion, and APOE 
genotype were homogeneously distributed along the 
sample, particularly when Sex and Group (pMCI vs. 
sMCI) variables were considered. These analyses 
were performed by means of two-sample t-test and 
the Levene’s test to assess the homogeneity of vari-
ance, and chi-square test; 2) we assessed the existence 
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of between-groups differences with a series of 
ANCOVA tests with Group and Sex as fixed factors. 
The analyses of potential interaction effects and post-
hoc mean-group comparisons were accomplished by 
using Bonferroni method.

The assessment of significant group differences in 
terms of MEG-power values was based on a cluster-
based permutation test (CBPT) [55] that has been 
previously described (see [56]). According to our 
analysis protocol, power differences between the two 
MCI groups (pMCI vs. sMCI) were tested for each 
pair of nodes using an ANCOVA test. The result-
ing matrix of F-statistics was binarized by means of 
applying a critical value computed with a p-value 
of 0.005 (cluster-defining threshold). Subsequently, 
the thresholded map was split into two maps corre-
sponding to the voxels with power differences that 
indicated if sMCI > pMCI or sMCI < pMCI. For 
each map, a clustering procedure identified groups of 
adjacent nodes in the volume space, and the mass of 
each cluster was defined as the sum of the F-values of 
the nodes comprising each cluster (cluster statistic). 
As an inclusion criterion to suppress spurious find-
ings, we required the minimum size for each candi-
date cluster to be equal to 1% of the total nodes in the 
volume, and those clusters that were smaller than this 
size were automatically deemed as non-significant. 
To control for multiple comparisons, the entire anal-
ysis pipeline was repeated 10,000 times after shuf-
fling the original group’s labels. At each repetition, 
the maximum statistic of the surrogate clusters was 
kept, creating a maximal null distribution that would 
ensure control of the family-wise error rate (FWER) 
at the cluster level. Cluster statistics on each cluster 
in the original data set was compared using the same 
measure in the randomized data. The CBPT p-value 
represented the proportion of the permutation distri-
bution with cluster statistic values that were greater 
or equal to the cluster statistic value of the original 
data. Only those clusters that survived the CBPT at 
p < 0.050 were considered for the subsequent analy-
ses as potential “MEG markers”. As descriptive 
MEG signatures for each significant cluster, we com-
puted the average power (both across all nodes that 
belonged to the cluster and all significant frequency 
steps). These MEG signatures were submitted to fur-
ther analysis that consisted of new between groups 
ANCOVAs. For the shake of clarity, symbols of the 
classical frequency bands (i.e. δ, θ, α and β) were 

used to denominate the resulting clusters when they 
fulfilled two conditions: 1) the majority of the fre-
quency interval of the cluster should fall within one 
of the classical bands (i.e. 1–4 Hz for δ, 4–8 Hz for θ, 
8–13 Hz for α, and 13–30 Hz for β); and 2) the peak 
(maximum size) of the cluster should also fall within 
the limits of the same frequency band.

At last, Spearman correlation tests were carried 
out to measure the possible association between the 
MEG markers, the cognitive performance, and the 
volumetric structural integrity. The correlation results 
were corrected for multiple comparisons by means of 
false discovery rate (FDR). The same analysis pipe-
line was repeated when sMCI and pMCI groups were 
compared for each sex independently.

Statistical analyses were carried out using Matlab 
R2021b (Mathworks Inc) and SPSS Statistics version 
27.0.

Results

Exploratory analyses of demographic variables

The exploratory analyses indicated that age was 
homogeneously distributed along the sample, with no 
significant differences due to Sex (p = 0.409) or Group 
(p = 0.411). Notably, the analysis of education values 
showed a marginal effect (p = 0.073) with females 
exhibiting less years of education as compared with 
males, while the Group factor had no effect. Consid-
ering the importance of education as a proxy of cog-
nitive reserve (CR) [56], further exploratory analy-
ses by means of Spearman correlations were carried 
out to detect its influence on neuropsychological and 
volumetric variables. Education was significantly cor-
related with all cognitive tests except MMSE and DR 
(all p-values < 0.050), and with the following volu-
metric measures: Total_GM_V, LH_V, RH_V, and 
LA_V (all p-values < 0.050). Consequently, education 
was considered as a covariate in the analyses of neu-
ropsychological and MRI-volumetric data.

Mirroring age results, APOE was also homoge-
neously distributed along the sample, with no sig-
nificant differences due to Sex (p = 0.575) or Group 
(p = 0.406) in the chi-square tests. Similarly, when 
neuropsychological and volumetric variables were 
compared between APOE4 + and APOE4-, no signifi-
cant differences were detected (all p-values > 0.050).
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Finally, the influence of Sex on “time to conver-
sion” was also explored. Similar to education, a mar-
ginal effect was observed (p = 0.080), with females 
exhibiting a more rapid time to conversion than 
males. In addition, the chi-square test revealed that 
the percentage of progressive and stable cases was 
homogeneously distributed across sexes (p = 0.612), 
see Table 1.

Neuropsychological variables

As previously advanced, a series of ANCOVAs with 
Sex and Group as fixed factors, and education as 
covariate, were accomplished to investigate the main 
and interaction effects of these variables on neu-
ropsychological scores. First, results revealed that for 
nearly 50% of the neuropsychological tests, the only 
source of significant variation was due to the effect 
of education (i.e., the covariate): FDS, BDS, PF, IP 
and RSC (all p values < 0.050). In fact, partial Eta-
squared values indicated a large effect of education 
on these variables (see Table 2). The remaining tests 
exhibited more complex patterns. For example, the 
effect of education was in the limit of the significance 
level (p = 0.050) for MMSE scores, but additionally 
Sex exerted a significant effect (p = 0.009) with males 
showing higher scores. The analyses of interaction 
effects indicated that, within the pMCI group, male 
converters exhibited greater scores than female con-
verters (p = 0.013). TMTB_T results almost mirrored 
MMSE, with education showing a clear significant 
effect in this case (p = 0.003). After controlling for 
education effects, Sex evidenced a tendency to lower 
values in males (p = 0.034), and the interaction analy-
ses showed that male pMCIs exhibited reduced times 
of execution of the task when compared with female 
converters, thus indicating a better performance 
(p = 0.014). Interaction analyses also revealed that 
female sMCIs showed significantly lower scores than 
female pMCIs (p = 0.047). Similarly, BNT scores 
were significantly affected by the effects of education 
(p = 0.001), and after controlling for these effects, Sex 
still exerted a significant influence with males exhib-
iting greater scores than females (p = 0.012). Interac-
tion analysis suggested the same tendency to lower 
scores in female pMCIs, but the effect failed to reach 
the significance level (p = 0.080).

Interestingly, IR and DR evidenced a slightly dif-
ferent pattern where education had no significant 

Table 2  Contains p-values and estimates of effect sizes in 
terms of partial Eta-squared values for all the ANCOVA mod-
els

Variables ANCOVA factors p-values Partial 
Eta- squared-
values

MMSE Education (covariate) 0.050 0.047
Group 0.391 0.012
Sex 0.009* 0.083

CDT Education (covariate) 0.023* 0.063
Group 0.453 0.007
Sex 0.043* 0.051

FDS Education (covariate) 0.005* 0.094
Group 0.219 0.019
Sex 0.101 0.033

BDS Education (covariate) 0.002* 0.110
Group 0.693 0.002
Sex 0.399 0.004

IR Education (covariate) 0.060 0.043
Group 0.006* 0.090
Sex 0.080 0.037

DR Education (covariate) 0.884 0.001
Group 0.006* 0.093
Sex 0.050 0.045

PF Education (covariate) 0.001* 0.110
Group 0.261 0.016
Sex 0.370 0.010

SF Education (covariate) 0.318 0.012
Group 0.766 0.001
Sex 0.720 0.002

IP Education (covariate) 0.003* 0.885
Group 0.576 0.004
Sex 0.880 0.001

RSC Education (covariate) 0.001* 0.126
Group 0.380 0.010
Sex 0.829 0.001

BNT Education (covariate) 0.001* 0.224
Group 0.333 0.012
Sex 0.012* 0.079

TMTA_T Education (covariate) 0.450 0.032
Group 0.963 0.001
Sex 0.020* 0.068

TMTB_T Education (covariate) 0.003* 0.131
Group 0.307 0.017
Sex 0.034* 0.070

Total_GM_V Education (covariate) 0.020* 0.064
Group 0.010* 0.078
Sex 0.261 0.015
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effect, although it was close to the significance level 
for IR (p = 0.06). For IR, Group showed a significant 
influence (p = 0.006) with sMCIs exhibiting greater 

scores. Sex effect was close to the significance level 
(p = 0.080), but the analysis of interactions displayed 
the previously seen tendency to reduced scores in 
female pMCIs as compared with female sMCIs 
(p = 0.035). DR results were almost identical but an 
effect of Sex with p = 0.050 was added to the signifi-
cant influence of Group (p = 0.006). Again, sMCIs 
displayed larger scores, while females exhibited a 
lower performance as compared with males. The 
interaction analyses indicated the same pattern of sig-
nificantly lower scores in female pMCIs as compared 
with female sMCIs (p = 0.022).

At this point, it is very important to emphasize 
that the repeated evidence of a significant difference 
between pMCIs and sMCIs, restricted to the female’s 
sample, is due to the fact that cognitive scores showed 
a brisker fall within the females that progressed to 
AD. This fact was further supported by the significant 
difference between male and female pMCIs observed 
in MMSE and TMTB_T, that revealed a poorer per-
formance in female converters (see Table 1).

CDT was affected by education effects (p = 0.023) 
but Sex still showed a significant influence 
(p = 0.043), with males displaying larger scores. 
No significant interaction effects emerged. Finally, 
TMTA_T only showed significant effects of Sex 
(p = 0.020), with females needing more time to com-
plete the task. No significant interaction effects were 
detected.

SF scores were not significantly influenced by any 
of the analysed factors.

Volumetric variables

The analyses of volumetric variables followed the 
same strategy, and the results revealed a very simi-
lar pattern. Total_GM_V was affected by the effect 
of education (p = 0.020). After controlling for educa-
tion influence, Group still showed a significant effect 
(p = 0.010) with sMCIs exhibiting larger volumes. 
The interaction analyses indicated that female sMCIs 
displayed larger volumes as compared with female 
pMCIs (p = 0.015). An identical pattern was found 
in LH_V (education, p = 0.002; Group, p = 0.001; 
interaction, p = 0.001), and RH_V (education, 
p = 0.004; Group, p = 0.005; interaction, p = 0.013). 
LE_V showed no significant influence of education 
(p = 0.092) but Group (p = 0.013) and interaction 

MMSE Mini mental state examination, CDT Clock drawing 
test, FDS Forward digit span test, BDS Backward digit span 
test, IR Immediate recall, DR Delayed recall, PF Phonemic 
fluency, SF Semantic fluency, IP Ideomotor praxis, RSC Rule 
shift cards, BNT Boston naming test, TMTA_ T Trail-making 
test part A (time score), TMTB_T Trail-making test part B 
(time score), Total_GM_V Total grey matter volume, LH_V 
Left hippocampal volume, RH_V Right hippocampal volume, 
LA_V Left amygdala volume, RA_V Right amygdala volume, 
LE_V Left entorhinal volume, RE_V Right entorhinal volume
* Significant results (p < 0.05)

Table 2  (continued)

Variables ANCOVA factors p-values Partial 
Eta- squared-
values

LH_V Education (covariate) 0.002* 0.112

Group 0.001* 0.160

Sex 0.335 0.011
RH_V Education (covariate) 0.004* 0.096

Group 0.005* 0.091
Sex 0.854 0.001

LA_V Education (covariate) 0.003* 0.100
Group 0.006* 0.087
Sex 0.045* 0.048

RA_V Education (covariate) 0.196 0.020
Group 0.327 0.012
Sex 0.478 0.006

LE_V Education (covariate) 0.092 0.034
Group 0.013* 0.072
Sex 0.146 0.026

RE_V Education (covariate) 0.137 0.027
Group 0.103 0.032
Sex 0.193 0.021

θwhole cluster Education (covariate) 0.421 0.008
Group 0.011* 0.099
Sex 0.034* 0.053

βwhole cluster Education (covariate) 0.251 0.016
Group 0.013* 0.094
Sex 0.087 0.035

θfemale cluster Education (covariate) 0.310 0.020
Group 0.013* 0.120
Sex – –

βmale cluster Education (covariate) 0.174 0.060
Group 0.046* 0.127
Sex – –
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(p = 0.026) effects mirrored those observed in the pre-
viously described variables.

LA_V scores depicted a more complex pattern 
with a significant effect of education (p = 0.003) that 
was accompanied by the significant influences of 
Group (p = 0.006) and Sex (p = 0.045). This tendency 
was further explained by the interaction effect that, 
once again, evidenced that female sMCIs exhibited 
larger volumes than female pMCIs (p = 0.030). Paral-
leling the features found in neuropsychological tests, 
these effects restricted to females were due to the 
fact that volume scores show a more abrupt decrease 
within the females that converted to AD. No signifi-
cant effects were detected in RA_V and RE_V.

MEG power variables

Firstly, the analyses performed in the whole sample 
(males + females) to search for differences between 
the pMCI and sMCI groups found two significant 
clusters. The first significant result (named θwhole 
cluster, CBPT p value = 0.011) emerged as a wide-
spread posterior cluster (see Fig. 1, A), whose brain 
oscillatory activity in the 4.75 to 8.25 Hz frequency 
range (Fig. 1, C) differed between groups (see Fig. 1, 
B). The power of this cluster, that fell within the clas-
sical theta band range, was enhanced in the pMCI 
group when compared with the sMCI group. The 
cluster size ranged between 14 nodes up to 753 nodes. 
The maximum size was reached at the frequency of 
6.25 Hz (see Fig. 1, D), while the maximum average 
F value, across all nodes of the cluster, was found at 
6.00  Hz. Sex showed a significant influence on this 
cluster (p = 0.034), while education had no effect (see 
Table 2).

An additional significant cluster was found for 
frequencies belonging to the classical beta fre-
quency band (henceforth called βwhole, CBPT p 
value = 0.020). This result showed that the pMCI 
cases exhibited a diminished power in postero-infe-
rior temporal brain regions (See Fig.  2, A) when 
compared with the sMCI individuals (Fig.  2, B). 
Specifically, this cluster emerged in the 14.75 Hz to 
21.75 Hz frequency range (Fig. 2, C), being the range 
of its size between 15 and 467 nodes. The maximum 
size was reached at 16 Hz (Fig. 2, D), and the maxi-
mum average F value, across all nodes of the cluster, 
was found at 17.50  Hz. In this case, Sex showed a 

marginal influence on this cluster (p = 0.087), while 
education had no effect.

Thus, when the analysis of between-groups 
power differences was computed considering only 
the female sample, one significant cluster was found 
within the theta band (henceforth called θfemale, CBPT 
p value = 0.013). Females in the pMCI group showed 
an enhanced power in posterior left-temporal brain 
regions (See Fig. 3, A) when compared with females 
in the sMCI group (Fig. 3, B). The θfemale cluster mir-
rored the result of the θwhole cluster found in both 
MCIs groups but with a slightly lower frequency 
range. Thus, θfemale was defined in the 3.00  Hz to 
6.75 Hz frequency range (Fig. 3, C). The size of the 
cluster fluctuated between 29 and 526 nodes, peaking 
at 5.25 Hz (Fig. 3, D), being the maximum average F 
value across all its nodes at 3.75 Hz. Education had 
no influence on this cluster.

Finally, the last analysis consisted of assess-
ing power differences between pMCI and sMCI 
groups considering only the male sample. In this 
case, one significant cluster emerged within the 
beta frequency band (henceforth called βmale, 
CBPT p value = 0.046). This result depicted a 
decreased power in left temporo-occipital regions 
(See Fig.  4, A) in the male pMCI group when 
compared with male sMCI group (Fig. 4, B). This 
cluster could be interpreted as a reflection of the 
βwhole cluster found in the whole sample. βmale was 
defined in the frequency range from 16.25  Hz to 
20.75 Hz (Fig. 4, C). The size of the cluster fluc-
tuated between 39 and 311 nodes, peaking at 
19.25  Hz (Fig.  4, D). The maximum average F 
value, across all nodes of the cluster, was found 
at 18.75  Hz. Mirroring θfemale, education had no 
influence on this cluster.

Table 2 summarizes p-values and effect sizes of all 
variables submitted to the ANCOVA analyses.

Correlations among MEG, neuropsychological and 
volumetric variables

With the aim of assisting in the interpretation of the 
results, additional analyses were carried out by per-
forming Spearman correlation tests between the aver-
age power of each cluster and scores of neuropsycho-
logical tests and brain volumes. The resulting p-values 
were corrected for multiple comparisons with a FDR of 
0.10 [57]. The p-values of the significant correlations 
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Fig. 1  Significant result 
found within the theta 
frequency range in the 
comparison between pMCI 
and sMCI groups. A: 
description of the regions 
involved in the θwhole cluster 
at its maximum extension 
(found at 6.25 Hz). The 
cluster was found to be 
significant between 4.75 Hz 
and 8.25 Hz. Each slice 
shows the brain below the 
reference plane defined by 
the corresponding line on 
the template. The numbers 
report the depth in MNI 
coordinates (mm). B: 
Violin plots and box plots 
representing the individual 
values of the cluster’s 
representative markers. 
Markers were calculated as 
the average power across 
all significant nodes and 
frequency steps. The sMCI 
group is marked in blue 
color and the pMCI group 
is marked in red color. C: 
representation of the aver-
age spectral power across 
all significant nodes. The 
significant frequency region 
is marked with dashed lines. 
The sMCI group is marked 
in blue color and the pMCI 
group is marked in red 
color. D: number of grid 
nodes that are part of the 
cluster at each frequency 
step (14 nodes as minimum 
and 753 as maximum)
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Fig. 2  Significant results 
found within the beta 
frequency range in the 
comparison between pMCI 
and sMCI groups. A: 
description of the regions 
involved in the βwhole cluster 
at its maximum extension 
(found at 19.25 Hz). The 
cluster was found to be sig-
nificant between 14.75 Hz 
and 21.75 Hz. Each slice 
shows the brain below the 
reference plane defined by 
the corresponding line on 
the template. The numbers 
report the depth in MNI 
coordinates (mm). B: 
Violin plots and box plots 
representing the individual 
values of the cluster’s 
representative markers. 
Markers were calculated as 
the average power across 
all significant nodes and 
frequency steps. The sMCI 
group is marked in blue 
color and the pMCI group 
is marked in red color. C: 
representation of the aver-
age spectral power across 
all significant nodes. The 
significant frequency region 
is marked with dashed lines. 
The sMCI group is marked 
in blue color and the pMCI 
group is marked in red 
color. D: number of grid 
nodes that are part of the 
cluster at each frequency 
(minimum number of 
nodes: 15, and maximum 
number of nodes: 467)
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Fig. 3  Spectral power 
differences within the theta 
frequency range between 
female pMCI and sMCI 
groups. A: description 
of the regions involved 
in the θfemale cluster at 
its maximum extension 
(found at 5.25 Hz). The 
cluster was found to be 
significant between 3.00 Hz 
and 6.75 Hz. Each slice 
shows the brain below the 
reference plane defined by 
the corresponding line on 
the template. The numbers 
report the depth in MNI 
coordinates (mm). B: 
Violin plots and box plots 
representing the individual 
values of the cluster’s 
representative markers. 
Markers were calculated as 
the average power across 
all significant nodes and 
frequency steps. The sMCI 
group is marked in blue 
color and the pMCI group 
is marked in red color. C: 
representation of the aver-
age spectral power across 
all significant nodes. The 
significant frequency region 
is marked with dashed 
lines. The sMCI group is 
marked in blue color and 
the pMCI group is marked 
in red color. D: number of 
grid nodes (from 29 to 526) 
that are part of the cluster at 
each frequency step
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Fig. 4  Spectral power dif-
ferences within the beta fre-
quency range between male 
pMCI and sMCI groups. A: 
description of the regions 
involved in the βmale cluster 
at its maximum extension 
(found at 19.25 Hz). The 
cluster was found to be sig-
nificant between 16.25 Hz 
and 20.75 Hz. Each slice 
shows the brain below the 
reference plane defined by 
the corresponding line on 
the template. The numbers 
report the depth in MNI 
coordinates (mm). B: 
Violin plots and box plots 
representing the individual 
values of the cluster’s 
representative markers. 
Markers were calculated as 
the average power across 
all significant nodes and 
frequency steps. The sMCI 
group is marked in blue 
color and the pMCI group 
is marked in red color. C: 
representation of the aver-
age spectral power across 
all significant nodes. The 
significant frequency region 
is marked with dashed lines. 
The sMCI group is marked 
in blue color and the pMCI 
group is marked in red 
color. D: number of grid 
nodes that are part of the 
cluster at each frequency 
step, with a minimum of 
39 and a maximum of 311 
nodes
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are depicted in Table 3, and the scores included in the 
analysis are those described in Table 1.

Correlations performed on clusters found in the 
whole sample revealed a quite consistent pattern. The 
θwhole cluster exhibited significant negative correlations 
with Total_GM_V, LH_V, RH_V and DR, indicating 
that higher power in that frequency range is associated 
with a worse cognitive performance and more atrophied 
brain structures. The βwhole cluster showed significant 
correlations with Total_GM_V, LH_V, RH_V, DR and 
SF but in this case displaying a positive sign, thus indi-
cating that higher power in that frequency range was 
associated with a better cognitive performance and less 
atrophied brain structures.

When correlation analyses were accomplished 
within females’ sample, the θfemale cluster exhibited 
significant negative correlations with Total_GM_V, 
MMSE, BDS and DR; and positive correlations with 
TMTA_T and TMTB_T. Such correlations suggested 
that the association between power values, cognitive 
performance and brain volumes was mainly due to the 
influence of the female’s group. This affirmation was 
confirmed by the fact that no significant correlations 
with βmale emerged within the males’ sample.

Discussion

The results presented in this piece of work basically 
confirmed our initial hypotheses. The pMCI group 
exhibited the typical increase of low-frequency activ-
ity within the theta band, accompanied by a decrease 
in high-frequency power, here represented by a fre-
quency range that encompasses most of the classical 
beta band. When power scores were analysed sepa-
rately by sex, females in the pMCI group showed a 
pattern of increased theta power, while males exhib-
ited a decrease of beta power. These findings indicate 
that the conversion to AD within the females’ group 
was associated with a pattern of increased low-fre-
quency activity that might be related to accelerated 
conversion rates and increased AD pathology (see 
below). In fact, such a notion was confirmed by the 
results of neuropsychological performance and volu-
metric data. Overall, females with MCI (i.e., both 
pMCIs and sMCIs) showed poorer performance in 
several cognitive tasks than males, but the interac-
tion analyses demonstrated that such difference was 
mainly due to the more abrupt deterioration of the 
females that progressed to AD. Volumetric results 

Table 3  Significant correlations between MEG markers, cognition, and brain volumes

Spearman correlation analyses between the average power of each corresponding cluster, neuropsychological test, and brain vol-
umes in the whole sample (θwhole and βwhole) and in female (θfemale) and male (βmale) samples. MMSE Mini mental state examination, 
BDS Backward digit span, DR Delayed recall, SF Semantic fluency, TMTA_ T Trail-making test part A (time score), TMTB_T Trail-
making test part B (time score), Total_GM_V Total grey matter volume, LH_V Left hippocampal volume, RH_V Right hippocampal 
volume. Total_GM_V, LH_V & RH_V were normalized by overall intracranial volume (ICV)
* Values surviving FDR correction

θwhole βwhole θfemale βmale

Rho p value Rho p value Rho p value Rho p value

MMSE -0.342 0.011*
BDS -0.302 0.026*
DR -0.223 0.039 0.237 0.028 -0.311 0.026*
SF 0.209 0.048
TMT_A_T 0.309 0.029*
TMT_B_T 0.344 0.028*
Total_GM_V -0.302 0.003* 0.286 0.006* -0.336 0.011*
LH_V -0.226 0.029 0.206 0.047
RH_V -0.250 0.016 0.257 0.013*
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mirrored these findings, with the pMCI group show-
ing reduced scores in most of the analysed brain 
regions but, again, this effect was principally attrib-
utable to the brisker volume reductions within the 
female pMCI group. A further confirmation of the 
close relationship between low-frequency activity, 
poorer cognitive performance and increased brain 
atrophy derived from correlation analyses. Both θwhole 
and βwhole clusters correlated with volumetric data 
and cognitive performance. Notwithstanding, when 
correlations were calculated separately, results dem-
onstrated a stronger association among anatomical 
volumes, cognitive measures, and theta band activity 
that was restricted to the females’ group.

As Jaušovec and Jaušovec [57] pointed out, the 
investigations on sex differences in neurophysiologi-
cal patterns tend to depict contradictory results. For 
example, some studies reported higher alpha activ-
ity in males [58], while others reported higher alpha 
power in females [59]. Similar contradictions can be 
found in theta (see for example [60]), and other bands 
such as delta and beta [61]. When samples with an 
ample range of ages were studied, higher theta and 
beta amplitudes were reported in females, but they 
were not considered of interest for the clinical evalu-
ation [29]. In the few studies that focused on the AD-
spectrum, similar controversies can be detected. Pre-
viously, we mentioned that Günther and coworkers 
[31] found that females with AD showed increased 
delta and theta activity as compared with males, being 
the females’ group the main responsible for the over-
all increase of low-frequency activity observed in AD 
cases. On the contrary, Babiloni et  al. [33] reported 
increased alpha activity in female controls and AD-
MCI cases that was independent of factors such as 
APOE genotype, amyloid and tau accumulation, and 
MRI neurodegeneration markers. Our results are in 
line with Günther et  al. ’s and with the more recent 
findings by Bruña and coworkers [34] who reported 
that females would display more signs of a higher 
predisposition to suffer AD than males.

Augmented low-frequency activity, accompanied 
by decreased alpha and beta power, is one of the 
most frequently described signs of increased risk of 
progression to AD [23, 25, 62–66]. However, a very 
recent study by Cechetti and coworkers [67] dem-
onstrated that, although AD patients and MCI cases 
with positive AD markers showed a widespread 
increase of theta activity and a decrease of beta2, only 

theta power correlated with Aβ42 levels. Therefore, 
they considered that theta frequency was the earli-
est and most sensitive EEG marker of AD pathology. 
Previously, Stomrud et  al. [68] had reported that a 
combination of CSF biomarkers, theta activity, and 
cognitive performance could be considered an early 
marker of AD. Within MEG literature, López et  al. 
[28] confirmed that a mixture of theta power, hip-
pocampal atrophy and a screening test of cognitive 
performance may predict the conversion to AD with 
a high sensitivity.

These evidences stress the fact that a widespread 
increase of theta activity (usually localized in poste-
rior sites) combined with brain atrophy and poorer 
cognitive performance is associated with elevated 
risk and earlier progression to AD. Notably, this is 
the pattern that we observed in our females’ sample, 
that also showed a faster (though marginally signifi-
cant) time to conversion. At this point it is worth-
while to further discuss the importance of volumet-
ric and cognitive results. Neuroimaging studies in 
young and middle-aged subjects revealed that sexual 
dimorphism is present in several brain structures. 
Some of the more consistent differences include a 
greater brain volume in men even after correcting for 
body size; greater gray matter volume compared to 
white matter volume and increased cortical depth in 
women; increased volume in visuospatial association 
areas in men; increased volume in auditory and lan-
guage-related regions in women, etc. (see for exam-
ple [69]). Interestingly, significant differences have 
been also observed in the medial-temporal lobes, 
with males showing larger amygdala volumes and 
females a larger hippocampus [70–72]). These find-
ings are important, since atrophy in medial-temporal 
structures has been considered as a primary predic-
tor of conversion to AD, a view that is confirmed by 
our own results, where pMCIs showed significantly 
reduced volumes than sMCIs [28, 73, 74].

Similarly, differences between men and women 
in cognitive performance have been described along 
the aging process (for an exhaustive review, see [75]). 
Such differences may be of especial relevance when 
they affect the memory domain, as mnestic prob-
lems are usually the first cognitive sign of AD. In this 
case, females seem to outperform males in memory 
performance along the adulthood, particularly within 
the verbal domain, but this feature is attenuated after 
menopause [76–79]. Nonetheless, the most crucial 
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aspect is to determine if the sexual dimorphism also 
affects the evolution of structural brain integrity and 
cognitive performance within the AD-spectrum. 
Some investigations indicated that women within the 
AD-spectrum exhibit a worse cognitive performance 
[80], smaller hippocampal volumes [81], and more 
pronounced total brain atrophy [75]. More impor-
tantly, Koran and coworkers [82] demonstrated in a 
follow-up study a significant correlation between 
sex and AD-pathology (i.e., Aβ42 and tau markers). 
According to their results, females presented greater 
hippocampal atrophy and longitudinal cognitive 
decline (both in the memory and executive-function 
composites of the ADNI database) in presence of 
positive AD markers. Moreover, the effect was exac-
erbated by lower levels of education and also was 
modified by the effect of APOE. Koran et al.’s results 
represented a further support to previous studies 
[83–85]; see also Ferretti et al. [20] for a full review 
on this subject.

Our results also seem to support these findings. 
Females within the pMCI group tended to show a 
worse cognitive performance and more pronounced 
atrophy than males within that group, but perhaps the 
most consistent finding was that differences between 
sMCIs and pMCIs were clearly more accentuated 
within the females’ sample, suggesting a stronger 
effect of AD pathology in this group. Females also 
showed a lower level of education attainment that 
might have played a role, although its effect was sta-
tistically controlled (see below further comments on 
this issue).

From a genetic perspective, sex differences regard-
ing the APOE gene (i.e., APOE4 + carriage) and its 
role in predicting AD, have been also associated with 
the female sex [86], especially in the age range of 
55–70 years [87]. In contrast, and similar to Babiloni 
et al. [33], APOE4 + did not exert a significant effect 
in our sample. Considering the aforementioned age 
interval, a possible explanation for our results may be 
due to the fact that our target population has an older 
average age (i.e., between 74–76 years). Interestingly, 
recent research aimed at elucidating sex-specific dif-
ferences in the genetic framework of cognitive resil-
ience to AD’s has also revealed an absence of APOE 
effects in a cohort with an average age of 77  years 
(i.e., an age comparable to that of our sample). The 
authors attributed this finding to the assumption that 
the effects of APOE on cognition diminishes with 

age, and in the case of females, this effect is even 
more noticeable due to the attenuation of circulating 
oestrogens which have been postulated to modulate 
APOE effects [88].

When all the findings (i.e., neurophysiological, 
volumetric, and cognitive) presented in our investiga-
tion are considered together, a final matter of discus-
sion emerges. As formerly seen, some investigations 
reported that adult females may exhibit increased 
high frequency activity (for example in the beta 
band), have larger hippocampal volumes and show a 
better performance in some cognitive domains such 
as verbal memory. However, some of these features 
seem to vanish after menopause suggesting a hormo-
nal influence and, in more specific terms, indicating 
that some type of intrinsic characteristics seem to 
make females’ brains more sensitive to the harmful 
effects of AD-pathology. Using Pike’s [14] terminol-
ogy, female brain might be “inherently” more vulner-
able to AD pathogenesis.

Arguably, and as already stated in relation to the 
APOE effects, sex steroid hormones might play 
a decisive role in this vulnerability. For instance, 
some epidemiological studies indicated that women 
who undergo surgical menopause or had menopause 
before 47  years of age, and do not receive substitu-
tive hormone treatments, have an increased risk for 
global cognitive impairment and dementia in later 
life (see for example [89]). These findings indicated 
an association between the age of hormone loss and 
the risk for cognitive impairment, and consequently 
led to the notion that oestrogens may have a neuro-
protective character [90, 91]. However, it seems that 
not only oestrogens but also testosterone plays that 
protective role, as reductions on the levels of this 
hormone are associated with an increased risk of 
AD [92]. The evidence suggested by epidemiologi-
cal studies has been confirmed by experimental ani-
mal investigations. This line of research demonstrated 
that ovariectomized female rodents show increased 
levels of Aβ42, an overall acceleration of Aβ accu-
mulation, and a worsening of cognitive performance 
[93–95]. Less information is available from animal 
models in males, but Rosario et  al. [94] demon-
strated that the age-related decrease in brain levels of 
androgens significantly correlated with age-related 
increases in soluble Aβ. In addition, Ramsden et  al. 
[96] reported that orchiectomy significantly increases 
soluble Aβ in rodent male brains. Then, if oestrogens 
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and testosterone seem to play a parallel role, why are 
females more vulnerable? The answer is not simple. 
Perhaps, the most intuitive perspective relies on the 
fact that menopause represents a brisk and earlier loss 
of oestrogens that might account for the increased 
female susceptibility to AD; while the so-called 
“andropause” is characterized by a gradual decrease 
of testosterone at a ratio lower than 1% per year [97, 
98]. Notwithstanding, Carroll [93] demonstrated in 
transgenic mice models that neonatal females that 
were masculinized by testosterone treatment showed 
a reduction of Aβ accumulation in adulthood; while 
males that were feminized by pharmacological inhi-
bition of androgen receptors exhibited increased Aβ. 
These findings support Pike’s [14] idea of an “inher-
ent” vulnerability of females’ brain to the develop-
ment of AD.

Nevertheless, at this point it is crucial to empha-
sise that some additional elements should be exam-
ined to explain our results. More in detail, we refer 
to the social determinants of health (SDHs) which 
are understood by the World Health Organization as 
nonmedical factors that affect health outcomes [99]. 
Among these SDHs the most relevant are those asso-
ciated with socioeconomic status (i.e., income, occu-
pation, community context, neighbourhood, etc.) 
and educational attainment [100]. Studies devoted to 
SDHs in the last decades demonstrated a “gradient 
pattern” by which general health indicators improve 
as economic/occupational and educational status 
rise [101, 102]. SDHs may be of special importance 
in our investigation as participants belong to one of 
the first generations that were born after the Spanish 
Civil War. Post-war circumstances, and related socio-
economic conditions, might have exerted an influ-
ence on cognitive and general health outcomes, espe-
cially in the female sample. Women were particularly 
affected by such adverse conditions, with a more lim-
ited access to educational resources and a significant 
economic/occupational dependence on men, restrict-
ing their role to being caregivers, wives and moth-
ers [103]. Importantly, education and occupational 
attainment are well-known protective factors that pre-
vent the development of dementia (for a review see 
[104]), and both are considered as “proxies” of CR 
[105, 106]. Moreover, some pioneering epidemio-
logical studies indicated that the risk of developing 
AD seemed to be more pronounced in women with 
shorter periods of education, while that evidence 

was not so noticeable in men [107–109]. In fact, our 
data (see Table  1) showed that women within the 
pMCI group exhibited an averaged period of educa-
tion that was 2-years shorter than the education years 
displayed by men in both MCI groups. Although the 
effects of education were intended to be statistically 
controlled, the potential impact of SDHs should be 
still taken into consideration to explain the between-
sexes differences observed in cognitive performance.

Conclusions and limitations

As a concluding remark, it might be claimed that our 
study provides relevant information on the role of sex 
to characterize the AD-continuum. In fact, two gen-
eral conclusions may be drawn from this research: 
1) the relevance of multivariate approaches that 
include factors of different nature to predict the evo-
lution from MCI to AD; and 2) the importance and 
the multifactorial nature of the role of sex on this 
evolution. This kind of information might have some 
clinical applications, such as the personalization of 
prevention, diagnosis, and pharmacological or non-
pharmacological interventions [20]. Nevertheless, 
the study also presents some limitations that should 
be addressed. The diagnosis of our MCI sample was 
based on both clinical criteria and neuronal injury 
information (measured by MRI), but not in the pres-
ence of AD-pathological biomarkers measured by 
positron emission tomography (PET) or cerebrospi-
nal fluid analysis. Despite this, the inclusion criteria 
as well as the clinical follow- up of the participants 
ensured that only MCI cases due to AD were included 
in the current study. Additionally, information about 
the onset of the menopause, the number of pregnan-
cies and the possible use of hormonal treatments in 
females was not available. These data would have 
been very interesting to explore their impact in the 
development of AD. Finally, although the sample size 
was quite ample for a longitudinal and multifactorial 
study of AD, a larger number of participants would 
yield more evidence and replicability of the results.
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